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ABSTRACT
The Northern Cumberland Plateau contains both extensive stretches of hardwood forests
and remarkable biodiversity. The presences of unique and threatened wildlife species, including
the Indiana bat (Myotis sodalis), have made the Plateau an area of concern. Future changes in
forest conditions, ranging from declining timber markets to drastic increases in timber harvests,
could prove to have significant impacts on M. sodalis. A study of M. sodalis occupancy on the
Plateau indicated that although the species was difficult to detect and may not be very common
on the Plateau, it could potentially be very sensitive to human disturbance. Although only a
reduction in the probability of detection resulted from increased human activity, prolonged
disturbance could also reduce occurrence of the species. In order to better understand a larger
area of concern for the species, a map was created to designate areas with high potential for M.
sodalis maternity roosts. Based on expert opinions, the Analytical Hierarchy Process (AHP) was
utilized to compare and rank habitat characteristics. Upland and riparian hardwood stands were
determined to be the most important for the species’ maternity roosts, while developed and
agricultural areas were determined to be the least important. Several areas across Tennessee’s
Northern Cumberland Plateau were defined as having high potential for M. sodalis maternity
roosts. Both the presence and potential for the species in the Plateau, combined with the
changing forest dynamics in the Plateau, have made the area a special concern for forest,
ecosystem and M. sodalis management.
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CHAPTER I
INTRODUCTION

1

Recognized as one of the most significant inland biodiversity hotspots in the eastern
United States, Tennessee’s Cumberland Plateau has experienced noteworthy ecological pressure
in recent years (Wyss et al. 2006). Large stretches of contiguous hardwood forests, combined
with unique water bodies, provide ideal habitat for a variety of endemic, rare and endangered
species. In recent years, the area has gained national attention for its scenery, recreational
opportunities, and low land prices, resulting in increasing rates of human population growth and
a resulting rise in development (Brockett and Wilinson 2006; Strickland 2003). In addition to
the residential and recreational appeal, the area’s natural resources have attracted attention as
well.
The biodiversity in the Cumberland Plateau is most threatened by the loss of forests and
decreases in water supply. While some of the larger water bodies in the area are protected by
state and federal policies (e.g. Big South Fork National River and Recreation Area), most forest
lands are privately owned and not protected. Traditional timber harvests in the area are now
combined with increased land clearing for development. Additionally, harvests may increase in
the near future because of biofuel production. Increasing harvests may pose a threat to sensitive
hardwood dependent wildlife species on the Plateau. Though plans for biofuel production are
uncertain and the patterns of development in the area are unpredictable, it is important to
understand the role of forested lands in sustaining the area’s biodiversity.
Using forest cover data and patterns of change in the area, the objectives of this study are
to determine:
(1) current forest dynamics on the Cumberland Plateau from both ecological and industrial
perspectives,
2

(2) potential changes in the Cumberland Plateau driven by biofuel expansion, and
(3) potential effects of changing forest dynamics on wildlife.

Study Area
The research was focused on three specific areas in the Northern Cumberland Plateau.
Chapter II involved a 30 county area across Tennessee and Kentucky that comprises most of the
Northern Cumberland Plateau (Fig. 1). Chapter III included only Cumberland County in
Tennessee (Fig. 2). Finally, Chapter IV addressed a six county area in Tennessee’s Cumberland
Plateau: Campbell, Cumberland, Fentress, Morgan, Overton, and Scott Counties (Fig. 3). The
rocky infertile soils of the Plateau rise approximately 300 m above the Tennessee River. Despite
the nutrient poor soils and limited potential for tree growth, the area receives substantial rainfall
and supports mesophytic hardwood forests (Francis and Loftus 1977). The rocky terrain and
infertile soils discouraged settlement and urbanization until the beginning of the 20th Century,
when Roosevelt’s New Deal and the development of the Tennessee Valley Authority encouraged
urban growth in the area (Strickland 2003). During the latter half of the 20th Century, the Plateau
experienced the largest growth in the area, with regional populations growing between 5 and 10
percent between 1982 and 1992 (Kaetzel 2008). The resulting development and increased land
prices led to a decrease in forested areas of 72,400 ha (approximately 178,900 ac), or -2.09
percent (Wear and Greis 2002).
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Current Forest Dynamics
According to Druckenbrod et al. (2006), the Cumberland Plateau’s greatest limitation on
forest expanse and age is private landownership, which has changed the historical dynamics of
the upland deciduous forests in the area. The resulting forest fragmentation and diverse
management regimes have broken up the once contiguous stretches of native forests. Oswalt
(2009) noted that approximately 72% of forested areas in the Cumberland Plateau were held by
private landowners, or Nonindustrial Private Forest (NIPF) landowners. Changing land
ownership, which has resulted in land use change and diversified forest management, is one of
the many reasons that the region has lost approximately 95% of old growth forests and 60-70%
of mesophytic forests (Noss et al. 1995). Privately owned forests have relatively greater
proportions of deciduous forests, whereas publicly owned forests have greater proportions of
natural evergreen forests. Similarly, the average size of natural deciduous forest patches was
smaller on privately owned lands compared with publicly owned lands (Druckenbrod et al.
2006), although this is typical for many other areas as well. While the deciduous forests in the
area have a patchy distribution, their potential range is greater, presumably because of land
ownership patterns in the area (Druckenbrod et al. 2006).
Implications of Biofuel Expansion
As the biofuel industry expands, changes in agriculture, timber harvests, forest
management, forest dynamics, and wildlife habitat will occur. Most plans for biofuel production
call for the industry to supply 30% of current energy supplied by fossil fuels by 2030 (currently
3%; Perlack et al. 2005). The biofuel expansion would increase timber harvests and would likely
make timber production more efficient; expanding agriculture by introducing new crops and
4

modifying traditional crops to increase yields; and utilizing residues from both forest and
agriculture industries. With these changes in agriculture and forestry, land-use change may
become an important environmental concern.
One alternative in biofuel expansion may be to utilize timber and its residues more
efficiently. Forest resources that could be used for biofuel production include residues from
traditional logging activities (e.g. tree tops and branches), non-merchantable biomass associated
with standing forest inventory, and merchantable stems (Perlack et al. 2005). The International
Energy Agency (IEA) Bioenergy (2002) notes that forest residues have low density and fuel
values which result in high transportation costs per unit energy; therefore, production facilities
should be located close to timber sources. Similarly, as the size of a biomass production plant
increases, more wood is required, increasing transportation costs. Per unit energy generation
costs may decline, however, because of economies of scale (Gan 2007). An ideal plant size
would maximize total energy costs by minimizing transportation costs and minimizing per unit
energy costs (Gan 2007).
In addition to increasing timber use, an expansion of agriculture would be required to
meet the 30% biofuel mark by 2030. Perlack et al. (2005) described three different scenarios for
agricultural expansion in the biofuel industry: Scenario 1 – maintain current levels of biomass
from agricultural land; Scenario 2 – increase biomass availability by increasing the efficiency of
agricultural technology while utilizing only traditional agricultural crops; and Scenario 3 –
increase biomass availability by increasing the efficiency of technology, adding perennials crops
(fast growing grasses, such as switchgrass), and making drastic changes in land use. Scenario 3
would involve increasing corn and soybean yields, using perennials solely for biofuel production,
5

and taking advantage of manure and other residues for biofuel production. Although Scenario 3
is the most aggressive scenario, it is the most likely course of action to achieve the 30% biofuel
target by 2030.
Three important environmental impacts could arise during the expansion of the biofuel
industry, according to IEA (2002). They include increased soil erosion, reduced biodiversity,
and increased greenhouse gas emissions. Soil erosion becomes an issue when you consider the
removal of traditionally unusable timber residues (such as limbs, bark, and tree tops) and the
implementation of monoculture agriculture. However, IEA noted that sustainable forestry
methods for biofuel production could alleviate soil erosion problems. They state that even if
more residues are removed from the land, nutrients could be returned to the soil in the form of
ash, which would be created in combusting the residues. To the contrary, the loss of nutrients
due to residue removal could require use of fertilizers (Perlack et al. 2005). This could increase
the problem of nutrient runoff and intensify problems such as red tides (Raloff 2004) and stream
nutrification. Additionally, severe land disturbance can also cause erosion and consequent
movement of sediments into surface water (Perlack et al. 2005).
The International Energy Agency (IEA) also stated that biodiversity loss would not be an
issue if sustainable and best management practices were used. Likewise, the removal of
extraneous timber and residues from forested land could reduce the need for controlled burning
and the potential for wildfires. However, controlled burning and wildfires can maintain a higher
level of biodiversity because early successional landscapes can support different species
(Moreira et al. 2006).
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A final environmental concern, greenhouse gas emissions, could potentially be the
counterproductive side effect of biofuel expansion. Marketed as a clean-burning fuel, biofuel
can potentially increase carbon emissions in production through deforestation, land conversion,
and soil disturbance (Fargione et al. 2008). These effects could be reversed by reforestation
activity and sustainable forest management, according to IEA (2002). Fargione et al. (2008)
indicated that the production of perennial crops on degraded agricultural land, coupled with the
use of residue and waste biomass could reduce the effects of carbon emissions during biofuel
production, reduce land conversion, preserve critical habitat, and alleviate competition with the
food industry (Fargione et al. 2008; Robertson et al. 2008; Righelato and Spracklen 2007).

Implications for Wildlife
Growing urban and suburban areas and increasing road densities in the Cumberland
Plateau have led to increased adverse wildlife impacts (Wyss et al. 2006). The associated
increases in pollution, disturbance, impervious surfaces, and habitat fragmentation have all
proved to be obstacles in sustaining the area’s biodiversity. Changes in forest management and
water usage, to accommodate the growing populations, have altered forest composition and
could affect forest-dependent wildlife species (Tennessee Wildlife Resources Agency, 2005).
Increased forest stocking, which has made the forests susceptible to insect, disease and fire
disturbance, along with increased annual harvest removals, and high-grading have reduced forest
productivity and reduced tree quality (Clatterbuck et al. 2006).
Likewise, many issues arise as Tennessee looks into a biofuel expansion plan. Tennessee
has identified two potential biofuel production plants, one currently being used for timber
7

production in Vonore (southwest of Knoxville) and another site which has yet to be determined.
The state’s action plan for biofuels would consider transportation costs to these facilities, along
with current land use and potential land use. The Cumberland Plateau contains many areas that
could be desirable biofuel production areas. The Plateau has also been identified as a
biodiversity hotspot, maintaining a large diversity of unique and rare species. Specifically, the
Indiana bat (Myotis sodalis) resides in this area; it is listed as endangered and is protected under
the Endangered Species Act of 1973 (Public Law 93-205, as amended). The population of M.
sodalis is small, only about 387,300 individuals, as compared to about 883,300 individuals in the
1960s (USFWS 2004). The species is extremely sensitive to habitat alteration, habitat
fragmentation, and changes in forest dynamics. Therefore, biofuel development in the
Cumberland Plateau could lead to reduced occupancy and habitat suitability for M. sodalis. With
a better knowledge of current and future forest dynamics, along with an understanding of M.
sodalis occurrence and potential habitat for maternity roosting sites, management of this
endangered species on the Cumberland Plateau may be improved. Therefore, I used this species
as a case study; if effective, similar research approaches may be used for other rare and
endangered species in the region.

Justification for Research
The Cumberland Plateau’s recent population growth and development, along with its
potential for biofuel production, have made the area’s natural resource sustainability a concern.
8

Population declines in priority bird species, up to 70% in migratory songbirds, declines in mussel
spp. (almost 50%) and population numbers, and declines in other species have been observed in
recent years, presumably from habitat loss, disturbance, and fragmentation (Demarest 2006;
Murray and Marirose 2009; Appalachian Highlands Network 2007). Therefore, it is important to
understand the interactions between human development, environmental processes, and wildlife
on the Cumberland Plateau.
Chapter II provides an analysis of current and future hardwood inventories by predicting
changes in timber harvest and landownership over the next 30 years. The incorporation of
market forces helped to improve the accuracy of the predictions. Forecasting changes in forest
dynamics can be used to identify areas of concern, which would be useful for the development of
effective management plans for forests and wildlife.
Chapter III examines the occurrence of M. sodalis on the Plateau. The life history of M.
sodalis on the Plateau is not completely understood. Known hibernacula exist in the
northeastern part of the state, but the summer roosting patterns of native and migratory
populations have not been confirmed. Chapter III focuses on the occurrence of M. sodalis in the
Cumberland Plateau during the summer months. Because the species is often active during the
summer for foraging, year-round occupancy of the species cannot be confirmed. However,
occurrences during the summer could indicate seasonal occupancy because seasonal migrations
occur only in spring in fall months. Understanding seasonal occupancy can improve
management decisions for the species.
Finally, Chapter IV delineates potential areas for M. sodalis maternity roosts within a sixcounty study area of the Cumberland Plateau. Using an expert opinion model, potential
9

maternity roosting sites are mapped based on important characteristics of roosting habitat. With
a better knowledge of current and future forest dynamics, along with an understanding of M.
sodalis occurrence and potential habitat, management for the Cumberland Plateau’s forests and
wildlife can be improved.
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CHAPTER II
FUTURE FOREST DYNAMICS, NORTHERN CUMBERLAND PLATEAU
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Abstract
The Northern Cumberland Plateau, stretching through Tennessee and Kentucky, is
composed of large stretches of contiguous hardwood forests. The forests of the Plateau have
undergone extensive changes in composition, age distribution, species distribution and overall
health as both ownership and timber markets have changed. The endangered Indiana Bat
(Myotis sodalis) is thought to occur in the Plateau and could be impacted by these changing
forests. The Subregional Timber Supply (SRTS) model was used to forecast future timber
markets in the Plateau and potential changes in M. sodalis habitat, based on three scenarios: (1)
constant demand/price, (2) increased demand/price to accommodate a growing biofuels market,
(3) decreased demand/price to reflect recent declines in the timber market, and finally a land use
change simulation to describe potential forest conversions. Scenario three would potentially be
the most beneficial for M. sodalis, as decreasing market demand and prices for hardwood
pulpwood and sawtimber would preserve more potential M. sodalis habitat. On the contrary,
Scenario two and the land use change simulation could potentially have the greatest negative
impact on M. sodalis: an increased demand of hardwood sawtimber and pulpwood could lead to
over-harvesting in the Plateau. While minor changes in the Plateau’s timber markets may not
prove to be threats to the endangered species, land use change and changing ownership continue
to be hazardous to M. sodalis.

Introduction
Although forests in the southeastern U.S. have experienced increased inventories since
the 1950s, fluctuating timber markets have resulted in changes in forest structure. In Tennessee,
these changes were mainly driven by changes in land use and land ownership, which has affected
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the dynamics of the state’s forest structure (Clatterbuck et al. 2006). In Tennessee’s Cumberland
Plateau, for example, a reduction in old-growth, an increase in patchiness, and a reduction in
average tree size have decreased the forest diversity and value of wildlife habitat (Druckenbrod
et al. 2006).
An extended area of contiguous hardwood forest, the Cumberland Plateau has
experienced notable changes in forest dynamics, although the overall acreage has remained
constant over the last 50 years (Clatterbuck et al. 2006). With the majority of forests held by
non-industrial private land owners (NIPF; Oswalt 2009), the size of forest patches have
decreased and the number of patches have increased (Druckenbrod et al. 2006). In addition to
changes in land ownership, accompanying land-use change has reduced the potential for the
forests to recover.
Although landscape edges are attractive to numerous wildlife species, the overall health
of the ecosystem is often more important. Species such as the Indiana bat (Myotis sodalis) often
select areas where forested and agricultural habitats interact (Menzel 2005), but the presence of
large hardwood trees is often more important to many of these species. High grading and nonsustainable forestry practices can reduce large hardwood trees and could negatively impact
hardwood dependent wildlife habitat.
To ensure the health of the Cumberland Plateau’s forests and hardwood dependent
wildlife, it is important to not only monitor forest patterns and dynamics, but also to forecast
future changes. Based on past and current forest management, land use change, and timber
markets, future changes in the Plateau’s forests can be predicted. Therefore, I examined four
scenarios of potential forest change over a 25 year time period so that better management
decisions can be made regarding forests and wildlife in Tennessee’s Cumberland Plateau.
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Study Area
The study area focused on the Northern Cumberland Plateau, a 30-county area that
stretches across Tennessee and Kentucky (Fig. 4). While large stretches of contiguous
mesophytic hardwood forests have traditionally covered the landscape, increases in developed
land area and agricultural land area have fragmented the forests. Pines (Pinus spp.), though once
abundant across the Plateau, are currently only found on industrially owned property, and are
now recognized to be part of an “anthropogenic” landscape (Druckenbrod et al. 2006).
The Cumberland Plateau has been described as a biodiversity hotspot and is home to a
variety of rare, threatened, and endangered fish and wildlife species, many of which are endemic
(Woodle 2009). The rocky terrain and infertile soil historically prevented human settlement and
provided de facto protection for many species. Rising above the Tennessee River, the Plateau
has unique hydrological and topographical, creating niches for a wide variety of species.

Methods
Model Description
The SubRegional Timber Supply (SRTS) model, as described by Abt et al. (2000, 2), was
used to forecast timber harvest levels and overall changes in forest dynamics on Tennessee’s
Cumberland Plateau. SRTS is a market model that incorporates forest growth estimates to
forecast different levels of harvest, land use change, rate of conversion to planted pine and
productivity in pine (Hess et al. 2000). The model can be used to predict how changes in harvest
and inventory can affect supply, management practices, and market prices. Within the model,
forests are divided into 10-year age classes and 5 management categories: planted pine, naturally
regenerated pine, mixed pine-hardwood, upland hardwood, and lowland hardwood (Abt et al.
22

2000, 2). The results of the SRTS model are represented as an index of price, inventory, and
removals. The index for each value begins at 100 and adjusts according to model inputs over the
projected time period. The model I used was based on Forest Inventory and Analysis (FIA) data
at the county level for the 30 counties in the study area. The model is deterministic and does not
accommodate for variation.

Modeling Wildlife Impacts
Though changes in wildlife habitat can be inferred from the model, changes in M. sodalis
habitat cannot be directly derived from the model. This is due to the fact that the model is
incapable of detecting changes in habitat of species that are patchily distributed; it is catered
more towards predicting changes in habitat of wide-spread, generalist species (Hess et al. 2000).
Therefore, the purpose of including this model will be to create a more accurate portrait of
changes in timber harvest in the Cumberland Plateau of Tennessee and Kentucky, which will
help describe general changes in wildlife habitat.
To most accurately model changes in M. sodalis habitat, along with other hardwood
dependent wildlife species, with the SRTS model, changes in hardwood pulpwood and hardwood
sawtimber removals and inventory were monitored. Increased removals of hardwood pulpwood
could involve removing branches, tree tops, snags, and other traditionally non-marketable tree
parts. Similarly, increasing hardwood sawtimber removals could reduce overall hardwood tree
cover. Therefore, the decline in potential M. sodalis and hardwood dependent wildlife habitat
resulting from increased hardwood pulpwood and sawtimber removals could be indicative of
hardwood dependent species’ population declines.
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Scenario Descriptions
Four scenarios were developed to project future timber harvest, price, and inventory.
Each scenario was based on current trends and assumptions, and was projected 25 years into the
future. The three scenarios were based on current levels of timber harvest, increased levels of
timber harvest to accommodate bioenergy markets and decreased levels of timber harvest to
reflect the current market situation. Each scenario included a “demand” driver and a “price”
driver. According to Abt et al. (2000, 1), within SRTS, a demand driver uses changes in demand
to determine changes in harvest, price, and inventory, while a price driver calculates the harvest
that is consistent with estimated supply changes and the exogenous price trend.
Scenario One, the baseline scenario, began with 2005 levels of timber supply and
projected the next 25 years based on trends seen over the last 25 years. With the demand driver,
a 0.5% annual increase in demand was assumed for hardwood and softwood pulpwood, while all
other management classes remained constant.
Scenario Two, the bioenergy scenario, began with 2005 levels of timber supply and
projected the next 25 years based on potential trends in expanding the bioenergy industry. A 4%
annual increase in demand of hardwood and softwood pulpwood was assumed. This assumption
was based on the potential doubling of forestland-derived biomass for bioenergy by the year
2030, as described by Perlack et al. (2005).
Scenario Three was based on weakening lumber and pulp markets, based on market
declines experienced in the 3rd-4th Quarter 2008 and the 1st Quarter of 2009 (Ekstrom 2009).
This model began with demand for all forest products 10% lower than 2005 levels, with
hardwood and softwood pulpwood demand then increasing 0.5% annually over 25 years. A
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similar model was created, in which an initial 10% drop in current prices was followed by a
0.5% annual increase in price, with the price driver.
Scenario Four projected potential land use change that could occur in the Plateau. The
conversion of hardwood forests to commercial, residential, and agricultural uses is a likely
scenario in the Plateau. Therefore, an initial 20% increase in the demand of hardwood
sawtimber and hardwood pulpwood was applied. I used the increase in demand as a surrogate
measure to reflect the potential removal of hardwoods to expand commercial or residential
properties. Similarly, it could reflect the conversion of hardwood stands to short rotation woody
crops or switchgrass, for an aggressive biofuel production plan. Because softwoods do not
comprise a large percentage of land area in the Plateau and would most likely not be converted to
other land uses, they were not included in Scenario Four.

Results
The results of the SRTS model provide indices of price, inventory, and removals. The
base value for each index is 100 and adjusts according to model inputs over the projected time
period. Changes in indices are relative, not absolute.
Scenario One
For the demand driver model within Scenario One, the rate of change in price increased
sharply with the 0.5% increase in demand in softwood pulpwood as removals exceeded
inventory, then decreased substantially as inventories began to recover (Fig. 5.a). With a 0.5%
annual demand increase in hardwood pulpwood, the rate of change in price decreased linearly
over the period, accompanied by a linear increase in the rate of change of inventory and
removals, with the rate of inventory increases remaining greater than the rate of removals (Fig.
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5.b). With no demand increase, softwood sawtimber exhibited a decreasing rate of change in
both inventory and removals, with an initial increase in the rate of price change, followed by a
gradual decrease (Fig. 5.c). For hardwood sawtimber with no demand increase, the changes in
price, removals, and inventory mirrored those exhibited by hardwood pulpwood with a 0.5%
demand increase (Fig. 5.d).
For the price driver model in Scenario One, price increased by 0.5% annually for both
softwood and hardwood pulpwood, with no price increase for softwood or hardwood sawtimber
(Fig. 6). With a 0.5% annual increase in the price of softwood pulpwood, there was an initial
decrease in the rate of removals, with the rate of change in inventory remaining greater than
removals, followed by a sharp increase in the rate of removals, beyond the increasing rate of
inventory levels, with a final decrease in both removals and inventory rates (Fig. 6.a). Increasing
the price of hardwood pulpwood by 0.5% annually resulted in a linear increase in the rates of
change for both inventory and removals, with removal rates surpassing inventory rates around
the year 2012 (Fig. 6.b). With no price increase for softwood sawtimber, removals and inventory
rates declined, stabilized around the year 2023, and then declined again (Fig. 6.c). With no price
increase for hardwood sawtimber, however, the rate of change for removals and inventory both
increased linearly (Fig. 6.d).
Scenario Two
For the demand driver model in Scenario Two, there was a 4.0% annual demand increase
for softwood and hardwood pulpwood and no demand increase for softwood or hardwood
sawtimber (Fig. 7). With a 4.0% annual demand increase for softwood pulpwood, the rate of
price change increased steadily, the rate of change in removals increased slightly and rate of
change in inventory decreased slightly, with the rate of change in removals exceeding inventory
26

over the entire projected period (Fig. 7.a). With a 4.0% annual demand increase for hardwood
pulpwood, the rate of change for price, removals, and inventory increased linearly, with the rate
of change for removals remaining greater than inventory (Fig. 7.b). Constant demand for
softwood sawtimber in Scenario 2 had similar results to constant demand for softwood
sawtimber in Scenario 1; however, in Scenario 2, while the rate of change for removals and
inventory decreased, inventory decreased at a greater rate than did removals (Fig. 7.c).
Similarly, constant demand for hardwood sawtimber in Scenario 2 closely mirrored constant
demand for hardwood sawtimber in Scenario 1 (Fig. 7.d).
For the price driver model in Scenario Two, there was a 4.0% annual price increase for
both softwood and hardwood pulpwood and no price increase for either softwood or hardwood
sawtimber (Fig. 8). A 4.0% annual price increase for softwood pulpwood caused declines in the
rate of change in removals and inventory, followed by a sharp increase, with removal rates
surpassing inventory growth rates, then finally both gradually declined (Fig. 8.a). A 4.0% annual
price increase in hardwood pulpwood showed similar results to the model with a 4.0% annual
increase in demand for hardwood pulpwood, but with the rates of change in price, inventory and
removals increasing more sharply (Fig. 8.b). A constant rate of change in price for softwood
sawtimber caused the rate of change in inventory and removals to decline, with the rate of
removals beginning to increase in the year 2015, surpassing the rate of change in inventory levels
(Fig. 8.c). Finally, a constant price for hardwood sawtimber resulted in a slight increase in the
rate of change for both inventory and removals (Fig. 8.d).
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Scenario Three
For the demand driver model in Scenario Three, the price, inventory, and removals of
softwood pulpwood mirrored the patterns exhibited by Scenario 1 for softwood pulpwood;
however, the overall rates of change for price, inventory, and removals were lower (Fig. 9.a).
The initial drop in hardwood pulpwood demand, followed by the 0.5% increase resulted in great
decreases in the rate of price changes, and slight increases in the rate of change of removals and
inventory (Fig. 9.b). For softwood sawtimber, initially declining rates of change in demand,
followed by constant rate of change in demand caused a peak in the rate of change for price until
the year 2015, when it began to decline and level off. The rates of change in inventory and
removal levels remained relatively constant over the projected time period (Fig. 9.c). Initial
declines in the demand for hardwood sawtimber, with no annual demand changes mirrored the
results of hardwood pulpwood in this scenario (Fig. 9.d).
For the price driver model in Scenario Three, an initial 10.0% price decrease, followed by
a steady increase in softwood pulpwood prices, caused initial declines in the rate of change for
inventory and removal, followed by a sharp increase in the rate of change in removals, which
surpassed the slightly increasing rate of change in inventory. The rate of change for both
inventory and removals declined after the year 2021 (Fig. 10.a). When this scenario was applied
to hardwood pulpwood, the rate of change for inventory and removals both increased linearly
(Fig. 10.b). For softwood sawtimber, an initial decline in the rate of change in price lead to a
slight decrease in the rate of change for both inventory and removals, followed by a slight
increase, after which they both leveled off (Fig. 10.c). And finally, an initial 10.0% price drop in
hardwood sawtimber caused a slight increase in the rate of change for both inventory and
removals (Fig. 10.d).
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Scenario Four
For the land use change simulation in Scenario Four, the initial 20% increase in demand
caused an initial 40% jump in the rate of change for price of both hardwood pulpwood (Fig.
11.a) and hardwood sawtimber (Fig. 11.b), followed by an approximate 30% decline in the rate
of change in price over the forecasted period. The rate of change in removals of hardwood
pulpwood and hardwood sawtimber both experienced an initial 20% increase, with an overall
30% increase in the rate of hardwood pulpwood removals and an overall 40% increase in
hardwood sawtimber removals. While the rates of hardwood pulpwood and hardwood
sawtimber inventories increased over the forecasted period, they increased at a rate
approximately 10% lower than removals.
Discussion
The rates of softwood pulpwood and sawtimber removals either met or exceeded the rates
of change in inventory levels for all scenarios. However, this does not represent a likely
scenario. Pine plantations in the Cumberland Plateau comprise only about 5% of the total
forested area, an insignificant amount, when considering overall changes in forested land. Even
if the rate of change in softwood harvest surpassed inventory, the overall harvest of forestland in
the Plateau would most likely not surpass inventory. In 1990, forest growth exceeded harvest by
a factor of two (Clatterbuck et al. 2006). Additionally, the rate of change in softwood pulpwood
and sawtimber harvest and inventory are not good indicators for hardwood dependent wildlife
species. Therefore, softwoods were merely included in this analysis to obtain a complete
assessment of future changes in forested lands.
For Scenario One, in which hardwood and softwood pulpwood demand increased by
0.5% annually, the rate of change in hardwood pulpwood harvests increased by 20% over the 25
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year forecasted period, though the rate of change in harvests never surpassed the rate of change
in inventory. This is a significant increase in hardwood removals, which could affect the habitat
of hardwood dependent wildlife species in the Cumberland Plateau. The increasing rate of
change in inventories over the projected period lead to a decrease in the rate of change for price.
Hardwood sawtimber also exhibited an increase in the rate of change in harvest, though the rate
of increase was lower than for pulpwood, allowing for a greater increase in the rate of change in
inventory. The increased removal of hardwood trees and logging residuals in this scenario could
both impact hardwood dependent species, though removal of hardwood sawtimber appears to
allow for a greater increase in inventory. The associated habitat disturbance, however, could
prove to be more significant than inventory levels.
For Scenario One, in which the price of softwood and hardwood pulpwood increased by
0.5% annually, the rate of change in hardwood pulpwood removals increased by nearly 30% over
the projected period, surpassing the rate of change in inventory around the year 2017. Similarly,
the rate of change in hardwood sawtimber removals increased by nearly 40%, though they did
not surpass the rate of change in inventory at any point during the projected period. This
significant increase in the rate of change of hardwood removals could potentially prove to have
an extreme negative impact on hardwood dependent wildlife in the Plateau. With the rate of
change in removals surpassing inventory for hardwood pulpwood, snags, tree parts, and overall
hardwood treecover would be lost in the Plateau. This could result in the reduction of hardwood
dependent wildlife populations and contractions in their home range.
For Scenario Two, in which the demand of softwood and hardwood pulpwood increased
by 4.0% annually to accommodate a growing biofuels market, the rate of change in hardwood
pulpwood removals quickly surpassed inventory and increased by nearly 100%. The rate of
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change in price also increased exponentially, nearly 125%; though this seems high, based on
current low pulpwood prices, this could be plausible. The rates of change in hardwood
sawtimber price, inventory, and removals were identical to the hardwood sawtimber indices in
Scenario One. Though the removals of hardwood sawtimber do not appear to pose a threat to
hardwood dependent wildlife in this scenario, the increased removal of hardwood pulpwood
could greatly reduce hardwood habitat and overall hardwood tree cover in the Plateau.
For Scenario Two, in which the price for softwood and hardwood pulpwood increased by
4.0%, hardwood pulpwood removals and inventory adjusted similarly to the demand driven
model in Scenario Two. However, in this scenario, the rate of change in hardwood sawtimber
removals and inventory both increased (despite constant price) by nearly 25%. Again, the
significant removal of hardwood pulpwood could prove to negatively impact hardwood wildlife
habitat and the overall health of the Plateau’s hardwood forests. Therefore, increasing the price
or demand of hardwood pulpwood in the Plateau to accommodate a growing market for woodderived biomass for the biofuel industry could reduce the habitat and population numbers of
hardwood dependent wildlife species, while reducing the health of the area’s hardwood forests.
For Scenario Three, in which the demand for hardwood and softwood pulpwood and
sawtimber initially dropped by 10% to reflect recent market declines, followed by an annual
0.5% increase in demand for softwood and hardwood pulpwood, initial declines in the rate of
change in price lead to decreases in the rate of change in removals and increases in inventory.
Hardwood pulpwood experienced declining rates of change in price, a 20% increase in the rate of
change of removals after an initial 10% decline, and nearly a 40% increase in the rate of change
for inventory. Similarly, hardwood sawtimber had decreased rates of change in price, a mere
10% increase in the rate of change of removals after an initial 10% decline, and over a 40%
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increase in the rate of change in inventory. This scenario, driven by a struggling timber market,
could prove to be benificial in protecting hardwood habitat. A decreasing demand for hardwood
pulpwood and sawtimber in response to the current market could allow for hardwood inventories
to increase to a level where the impacts of future increased demand would be minimized.
Similiarly, in Scenario Three, an initial 10% drop in the price of softwood and hardwood
pulpwood and sawtimber, followed by an annual 0.5% price increase for softwood and hardwood
pulpwood caused the change in both removals and inventories to increase at similar rates. For
hardwood pulpwood, the initial decline in prices followed by the annual gradual increase caused
nearly a 40% increase in the rate of change in removals, after an initial 10% drop, and a 30%
increase in the rate of change in inventory, with removal rates equal to inventory rates at the end
of the projected period. For hardwood sawtimber, an initial price drop followed by constant
prices lead to a 40% increase in the rate of change for both removals and inventory, though
removals initially experienced a 10% rate of decline. Again, initial declines in the rate if change
in hardwood removals could allow for hardwood inventories to increase. Declines in hardwood
demand and prices, in response to recent market declines, could ultimately benefit the health of
hardwood dependent wildlife habitat and populations.
And finally, for Scenario Four, a 20% swell in the demand for hardwood pulpwood and
sawtimber caused a drastic increase in removals. While Scenario Two drove a significant
increase in the removals of hardwood pulpwood, the Scenario Four also encouraged significant
increases in the rate of hardwood sawtimber removals (nearly 40%). And though the rate of
change of hardwood inventories continued to increase in this scenario, they were surpassed by
the rate of change in removals for the duration of the forecasted period.
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Based on reviewing the results of the four scenarios and the land use change simulation,
Scenario Three could potentially be the most beneficial for M. sodalis and either Scenario Two
or Scenario Four could potentially have the most negative impacts on hardwood dependent
wildlife species. Increased hardwood removals to accommodate the growing demand for woodderived biomass could greatly impact wildlife habitat. However, most wood-derived biomass
could potentially come from short-rotation woody species such as Pinus spp. or Populus spp.
grown on plantations. Because only approximately 5% of the Plateau is classified as pine
plantation, the Plateau will most likely not be impacted by an increased harvest to accommodate
the biofuels industry. However, the hardwood forests of the Plateau could be subject to
increased removals to accommodate land use change, as described in the Scenario Four. The
40% increase in hardwood sawtimber removals described in this simulation could be plausible
for not only increasing development on the Plateau, but also for the conversion of hardwood
stands to either short rotation woody crops or perrenials, to be utilized for increased biofuel
production. This drastic increase in removals could have a serious negative impact on hardwood
dependent wildlife habitat and could cause notable reductions in population numbers or changes
in the species range.
Scenario Three is most likely the scenario that will most accurately describe changes in
forested lands in the Plateau in coming years. Timber removals have already begun to decline in
recent years, as demand and prices have decreased. The 10% initial decline in prices and
demand for this scenario could prove to be conservative estimates as the market continues to
decline and strain the timber industry. However, the indices of price, inventory, and removals
described in Scenario Three may closely reflect the true indices, though initial declines may be
greater in reality.
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Assuming Scenario Three is the most realistic scenario for timber harvest in the Plateau,
hardwood dependent wildlife species’ habitat and populations in the Plateau should not be
greatly impacted. The biggest threat to the species would be increased land use change, which
would involve increased hardwood sawtimber removals. Changing pressures in the market could
stimulate this land use change. Political pressures could encourage the conversion of hardwood
forests to pine plantations or agricultural areas to facilitate biofuel production, while stimulated
local economies could promote the conversion of hardwood forests for residential, industrial, or
commercial purposes.
Policy Implications
Natural resource management and policy in the Northern Cumberland Plateau should
focus on both minimizing land use change and encouraging best management practices.
Development plans, forestry practices, and changes in land use could be accompanied by
assessments of environmental impacts to determine effects on the overall ecosystem and
sensitive wildlife species. The assessment of environmental impacts could help guide
management decisions and standardize regulations, policies and enforcement. The historical
lack of natural resource management in the Northern Cumberland Plateau could simplify the
introduction of efficient and effective natural resource policies.
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Figure 5. Scenario 1- constant timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with 0.5% annual demand increase (a) and (b), respectively, and softwood sawtimber and hardwood sawtimber with no increase in demand
(c) and (d), respectively, between the years 2005 and 2030.
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Figure 6. Scenario 1- constant timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with 0.5% annual price increase (a) and (b), respectively, and softwood sawtimber and hardwood sawtimber with no increase in price (c) and
(d), respectively, between the years 2005 and 2030.
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Figure 7. Scenario 2 - biofuel timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with 4.0% annual demand increase (a) and (b), respectively; and softwood sawtimber and hardwood sawtimber with no increase in demand
(c) and (d), respectively, between the years 2005 and 2030.
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Figure 8. Scenario 2 - biofuel timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with 4.0% annual price increase (a) and (b), respectively; and softwood sawtimber and hardwood sawtimber with no increase in price (c) and
(d), respectively, between the years 2005 and 2030.
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Figure 9. Scenario 3 - declining timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with -10.0% initial drop and 0.5% annual demand increase (a) and (b), respectively and softwood sawtimber and hardwood sawtimber with
-10.0% initial drop and no increase in demand (c) and (d), respectively, between the years 2005 and 2030.
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Figure 10. Scenario 3 - declining timber harvest model, Cumberland Plateau, Tennessee and Kentucky, USA. Softwood pulpwood and hardwood
pulpwood with -10.0% initial drop and 0.5% annual price increase (a) and (b), respectively and softwood sawtimber and hardwood sawtimber with a 10.0% initial drop and no increase in price (c) and (d), respectively, between the years 2005 and 2030.
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Figure 11. Land use change scenario, Cumberland Plateau, Tennessee and Kentucky, USA. Hardwood pulpwood (a) and hardwood sawtimber (b)
with an initial 20% increase in demand. Price, removals, and inventory changes between the years of 2005 and 2030.
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CHAPTER III
MYOTIS SODALIS OCCUPANCY, CUMBERLAND COUNTY,
TENNESSEE
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Abstract
Tennessee’s Cumberland Plateau comprises part of the Indiana bat’s (Myotis sodalis)
home range. Large stretches of contiguous hardwood forests make the area ideal for M. sodalis
foraging and roosting. In the summer of 2003, ANABAT surveys were conducted in
Cumberland County, Tennessee. M. sodalis was identified on 13 of the 22 sample plots, a naïve
occupancy rate of 59%. Utilizing Program MARK, an occupancy model was developed for M.
sodalis. The models focused on detection probability (p), modeling detectability as a function of
survey night, survey time, survey temperature and survey group. The model with the best fit
modeled detection probability as a function of the interaction between survey night and average
survey temperature. There was a decreased detection probability on the second survey night not
only for M. sodalis, but also for Big brown bat (Eptesicus fuscus) and Eastern pipistrelle
(Pipistrellus subflavus). The survey night most likely affected detection probability because
there was increased human disturbance in the study area prior to the second survey night.
Though occupancy could not be modeled effectively in this study, it was determined that
occupancy was not different across study cells. Future studies of M. sodalis occupancy should
focus on increased sample size, increased local habitat variables, and decreased human
disturbance at the localized study area.
Introduction
M. sodalis is an endangered bat species that roosts in shaggy-barked trees during the
summer and hibernates in caves during the winter (Menzel et al. 2001). Hall (1962) noted that
M. sodalis prefers medium sized limestone caves with shallow passageways for winter
hibernation. For summer roosting sites, dead (but minimally decayed) trees are preferred with
50% loose bark, open air space for warming the roost site behind bark (tree is emergent in
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canopy), and around 200 m from water (Watrous et al. 2006). Trees belonging to the following
genera have been documented as roost sites: elm (Ulmus spp.), oak (Quercus spp.), beech (Fagus
spp.), hickory (Carya spp.), maple (Acer spp.), ash (Fraxinus spp.), Sassafras spp., birch (Betula
spp.), sycamore (Platanus spp.), locust (Robinia spp.), aspen and cottonwood (Populus spp.),
pine (Pinus spp.) and hemlock (Tsuga spp.) (Cope et al. 1974, Humphrey et al. 1977, Garner and
Gardner 1992, Britzke et al. 2003, Britzke et al. 2006). However, Menzel (2001) recognized that
roost tree species may not be important, but rather the physical characteristics of the tree along
with the location of the tree may determine which trees will be used as roost sites. Additionally,
male roost sites tend to be around 2.4 km from the hibernation caves. Though maternity sites
have traditionally been found in riparian and floodplain areas, more recent findings have also
included upland habitats (Garner and Gardner 1992). Maternity roosts are typically not found in
open canopy forests or old fields with < 10% canopy. However, Watrous (2006) found that
agricultural land comprises a larger portion of M. sodalis home range than water or wetlands,
though specific habitat selection could not be determined from that study. M. sodalis is a strict
invertivore, consuming only invertebrates during summer roosting periods, and tends to forage
within 1 km of the roost site (Humphrey et al. 1977).
The distribution of M. sodalis’s home range is not clearly defined, but the species is
thought to reside across many of the eastern states, with locations as far west as eastern
Oklahoma, as far north as Michigan across to New England, and as far south as the northern tip
of Florida (Thomson 1982). However, like migratory bird species, the extent of their range is
complicated by seasonal migrations for hibernating and foraging. In recent years the distribution
may have decreased in size because of rapid declines in population abundance (Trombulak et al.
2001). Approximately 85% of the total M. sodalis population hibernates in only nine caves,
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while the remaining 15% may hibernate in only about 50 additional caves (Menzel et al. 2001).
The migratory patterns of the species are also not well-understood; northern populations migrate
south for winter, however, the migration dates and destinations vary greatly and complicate
management decisions. During the summer months, northern and southern populations forage
and roost throughout the southeast, though exact locations are vague and habitat preferences are
varied. Most management of the species has traditionally focused on protecting hibernacula
caves, and while this is important, it only plays part in the life history of M. sodalis.
Both migratory and native populations of M. sodalis use the Plateau because of its large
stretches of contiguous hardwood forest. However, despite M. sodalis’s known use of the area,
its seasonal occupancy patterns have not been confirmed. The species’ seasonal patterns of
occupancy could be indicative of shifts in distribution or local population colonization or
extinction Therefore, if the species’ seasonal occupancy in the Plateau could be determined,
management and conservation of the species could be improved.

Study Objectives
This study was developed to determine the seasonal occupancy of M. sodalis within
Cumberland County, Tennessee. Specific objectives of the study were to:
1. Determine the probability of detection and seasonal occupancy of M. sodalis and
2. Identify components of habitat structure that may affect the probability of species
occurrence or detection
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Study Area
The study area for this project was Cumberland County, Tennessee, and included five
cells, approximately 2300 hectares in size, randomly located across the county (Fig. 12). The
latitudinal and longitudinal boundaries for each of the cells are provided in Table 1. The area is
predominantly composed of mesophytic hardwood forests with poor soils and rocky terrain.
With the largest stretches of contiguous hardwood forests in the southeast and unique
watersheds, the Cumberland Plateau is home to a variety of rare and endangered species. M.
sodalis is thought to occur in the area, but specific locations and populations are not known. The
area was selected for this study because it is rapidly developing and the natural habitats of the
area are rapidly declining. By identifying M. sodalis occurrence locations, and correlating these
with specific habitat characteristics, management for the species in the area can be improved.

Methods
Data Collection
In the summer of 2003, the University of Tennessee conducted ANABAT surveys in
Cumberland County as part of a research project (D. Hodges, University of Tennessee,
unpublished data). Over the course of approximately seven weeks, multiple ANABAT detectors
were placed in various plots (25 total) selected randomly within larger cells located across the
county, and left in the field for one to three nights at a time (Fig. 12). The ANABAT surveys
were conducted on a series of plots in the Emory/Obed Watershed in Cumberland and Morgan
Counties in Tennessee. ANABAT detectors utilize a passive detection method that does not
require human intervention. The detectors collect bat echolocation signals, convert them to a
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graphic image with a ZCAIM (Zero-Crossings Analysis Interface Module) and then store the
data in a computer or a flash memory card. Although one cannot determine the number of bats
or identify individual bats with this method, the presence or absence of a species can be detected
based on the echolocation call. Therefore, ANABAT data are easily utilized in occupancy
models, which require only presence or absence data (MacKenzie et al. 2006). Over the course
of approximately seven weeks, multiple ANABAT detectors were placed in sample plots (n =
25), which were randomly selected within larger cells (gridded areas, approximately 2300 ha)
located across the county. Each detector remained in the field for one to three nights at a time
(Fig. 12). The ANABAT surveys were conducted on a series of plots in the Emory-Obed
Watershed in Cumberland and Morgan Counties in Tennessee. The bat echolocations calls
collected over this study were sent to the Department of Forestry at the University of Missouri
for species identification. Although M. sodalis echolocations were identified in each of the
sampled cells, specific plot locations within each cell could not be confirmed from the data
records and thus could not be associated at the plot level with the presence or absence of the
species.

Model Description
To determine where M. sodalis occurs, Program MARK was utilized to develop an
occupancy model. An occupancy model can be used to determine the probability a species
occurs in a particular area (ψ), using the probability of detection (p) to adjust for imperfect
detectability. In an occupancy model, a study area is divided into smaller sampling units. Each
unit (sample site) is similar to an animal in a traditional mark-recapture scenario, where animals
are marked, and then released (Vojta 2005). The ratios of previously marked to unmarked
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animals observed in subsequent sample periods can then be used to determine population
abundance (Skalski et al. 2005). Occupancy models are based on the presence or absence of the
study species over multiple sampling occasions. If presence is consistent in a landscape unit
over several sampling periods, it is assumed that the animal “occupies” the site (MacKenzie
2005).
MacKenzie (2005) noted that occupancy models are valuable tools for endangered
species management, because possible home-range contractions or shifts can be determined. The
main advantages of an occupancy modeling are that unequal sampling efforts among sampling
sites can be accounted for; occupancy and probability of detection may both be based on
particular characteristics of the landscape unit; detection probabilities may vary between
sampling periods; and both frequentist (likelihood that a hypothesis is correct, based on strength)
and Bayesian (likelihood that a hypothesis is correct, based on prior probability and experimental
data supporting hypothesis) methods may be used (MacKenzie et al. 2002). Additionally,
because occupancy models include processes of local extinction and colonization, more reliable
results can be achieved (MacKenzie 2005). However, an animal could be either undetectable or
truly absent, but distinguishing between the two events is not possible with occupancy models
(MacKenzie 2005). Thus the model can help determine which occupancy of M. sodalis, but it
cannot confirm the absence of the species, only reduced detectability.
Model Development
I used Program MARK to develop the occupancy model. Each ANABAT detector was
placed in a different plot across the study area and left in the field for one to three nights. I used
only the first two nights in my analysis because only three plots had data for three nights.
Though individuals are active during the summer and often switch roost trees, they tend to
52

remain in a defined area over the course of a several evenings within the summer season.
Therefore, each night was divided into 4 sampling periods (8pm – 11pm; 11pm – 2am; 2am –
5am; and 5am – 8am) so that closure could be assumed between sampling periods (Yates and
Muzika 2006). Consequently, the total number of possible sampling occasions was 8 for each
plot. Because the sampling periods in Cell 103 (Table 2; highlighted rows) only lasted for one
night, they were not included in the occupancy model.
Habitat covariates can strengthen an occupancy model by relating specific habitat
characteristics to the presence of a species, but they were not utilized in this model. Because
exact locations of the sample plots were unknown, habitat variables could only be collected at
the cell level. Thus the covariates would essentially reflect a grouping effect of the sample cells,
rather than habitat differences among the sample plots. Therefore, I only considered a group
effect to model occupancy. For detectability of M. sodalis, covariates were created based on
survey time (four survey periods per night), night (two nights), survey cell, and average survey
temperature. Because ANABAT detectors were utilized for these surveys, I assumed that the
ability to identify the species was constant. Likewise, because the ANABAT signals were
identified by one person, I assumed that there was no difference in ability to identify the species.
Because of the difficulty with modeling occupancy in this scenario, the main focus was on
factors affecting the detection probability of M. sodalis. A total of 12 models were created
(Table 3), with various combinations of survey covariates and a grouping effect. Each survey
covariate was modeled individually and then modeled with the additive and interactive effects
with each other survey covariate. The grouping effect was then incorporated as a function of
occupancy. To better interpret the results of the occupancy model, I also developed identical
models for the Big brown bat (Eptesicus fuscus) and the Eastern pipistrelle (Pipistrellus
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subflavus). These data were collected during the same survey in which the M. sodalis data was
collected.
I tested the goodness of fit (GOF) of my model utilizing a parametric bootstrapping
method. One-thousand simulations were used to determine an average estimate of Pearson’s
chi-square (X b). The observed Pearson chi-square (X Obs) was then compared to the parametric
2

2

bootstrap results to determine the percentage of total estimates greater than this value. I then
divided the X Obs by the averaged X b to determine the value of ĉ; this value was then used to adjust
2

2

my AICc estimates.

Results
Myotis sodalis
M. sodalis was identified on 13 of the 22 sample plots, with a naïve occupancy rate of
59%. When examined at the cell level, M. sodalis was identified in all four sample cells, a naïve
occupancy rate of 100% at the cell level.
A total of 12 models were created (Table 3), with various combinations of survey
covariates and a grouping effect. The model with the best fit modeled detection probability as a
function of the interaction between survey night and average survey temperature (AICc weight =
0.82). There was a negative relationship between survey night and detectability (β value = 63.23; CI = -116.11 to -10.35), indicating that detection probability decreased as the survey night
increased. Likewise, there was a weak negative relationship between detectability and
temperature (β value = -1.03; CI = -1.73 to -0.33). There was a weak positive relationship
between detection probability and the interaction between survey night and temperature (β value
= 0.93; CI = 0.16 to 1.70). The Δ AIC between the top model and the second model, which
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modeled detection probability as a function of the additive effect of survey night and survey
temperature (AICc weight = 0.10), was greater than 2.0, indicating a significant difference
between the top two models, with little support for any model but the first (Burnham and
Anderson 2002).
Detection probabilities differed between survey night one (0.18; CI = 0.11 to 0.28) and
survey night two (0.02; CI = 0.00 to 0.11) according to the real estimates. The occupancy
estimate was approximately 0.99 for that model, but the confidence interval was very large (CI =
0.00 to 1.00). When occupancy was modeled as a function of the grouping effect (or cell), the
model fell below the null occupancy model, indicating there was no difference in occupancy
among the sample cells.
The Pearson’s chi-square for my data (χ Obs = 211) was high relative to the chi-square
2

values based on the 1,000 simulations. The associated p-value for the goodness of fit test was
0.013, indicating that the data did not fit the model. Therefore, I used ĉ (χ Obs/mean χ b = 5.0) to
2

2

adjust the standard errors and AICc values of the occupancy models (Table 4). After this
adjustment, the null model became the top-ranked model; the second-ranked model included
detection probability as a function of survey night.
Eptesicus fuscus
E. fuscus was identified on 11 of the 22 sample plots, with a naïve occupancy rate of
50%. When examined at the cell level, E. fuscus was identified in all four sample cells, a naïve
occupancy rate of 100% at the cell level. Temperature, the only variable covariate, was
relatively consistent over the course of each survey.
Twelve models were created (Table 4), with various combinations of survey covariates
and a grouping effect. The two models with the best fit were the null model (AICc weight =
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0.49) and one that modeled detection probability as a function of survey night (AICc weight =
0.32). There was a weak positive relationship between survey night and detectability (β value =
1.29; CI = -0.04 to 2.62). The delta AIC between the top model and the second model, was less
than 2.0, indicating moderate support for the top two models, with little support for any others
(Burnham and Anderson 2002).
Detection probabilities differed between survey night one (0.11; CI = 0.06 to 0.20) and
survey night two (0.03; CI = 0.01 to 0.10) based on the real estimates. According to the top
model, the occupancy estimate was approximately 1.00, although the confidence interval was
large (CI = 0.00 to 1.00). When occupancy was modeled as a function of the grouping effect (or
cell), the model fell below the null occupancy model, indicating there was no significant
difference in occupancy between cells.
Pipistrellus subflavus
P. subflavus was identified on 16 of the 22 sample plots, with a naïve occupancy rate of
73%. When examined at the cell level, P. subflavus was identified in all four sample cells, a
naïve occupancy rate of 100% at the cell level. Temperature, the only variable covariate, was
relatively consistent over the course of each survey.
Again, 12 models were created (Table 5), with various combinations of survey covariates
and a grouping effect. The model with the best fit modeled detection probability as a function of
the additive effect between survey night and the group effect (AICc weight = 0.62). There was a
weak positive relationship between survey night and detectability (β value = 1.12; CI = 0.191 to
2.065). Likewise, there was an overall weak positive relationship between groups and
detectability. The delta AIC between the top model and the second model, which modeled
detection probability as a function of the interaction between survey night and survey
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temperature (AICc weight = 0.22), was greater than 2.0, indicating more support for the top
model, with moderate support for the second model (Burnham and Anderson 2002).
Detection probabilities differed between survey night one and survey night two for each
group, or cell. For group one (cell 53), the detection probability for night one (0.45; CI = 0.24 to
0.68) was greater than night two (0.21; CI = 0.09 to 0.43). Group two (cell 131) also had a
greater detection probability for night one (0.11; CI = 0.05 to 0.22) than for night two (0.04; CI =
0.01 to 0.10). Similarly, group three (cell 100) had a greater detection probability on night one
(0.50; CI = 0.25 to 0.76) than on night two (0.25; CI = 0.09 to 0.52). And finally, group four
(cell 83) had a greater detection probability for night one (0.22; CI = 0.10 to 0.41) than for night
two (0.08; CI = 0.03 to 0.21). According to the top model, the occupancy estimate was
approximately 1.00, although the confidence interval was large (CI = 0.00 to 1.00). When
occupancy was modeled as a function of the grouping effect (or cell), the model fell below the
null occupancy model, indicating there was no significant difference in occupancy between cells.

Discussion
Although occupancy of M. sodalis could not be modeled as a function of habitat
characteristics, occupancy was not different among cells. Habitat covariates could not be
included in the model because of their scale. Each habitat covariate simply reflected differences
among the sample cells. Because each cell was occupied, habitat covariates could not explain
variation in occupancy among cells. Based on the low detection probabilities for M. sodalis (0.18
and 0.02), it was assumed that the occupancy estimate of 0.99 likely is inaccurate. According to
Mackenzie et al. (2002), if the detection probability (p) is ≤ 0.3, occupancy (ψ) will be
overestimated and biased. The naïve estimate of M. sodalis occupancy (0.59), which ignores
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probability of detection, was much lower than the estimated occupancy (0.98). If estimates of
occupancy approach 1.0, they are assumed to be biased. Therefore, based on the low detection
probabilities and high occupancy estimations from this model, I concluded that the results are
inaccurate. Increasing sampling occasions strengthens both precision and accuracy (MacKenzie
et al. 2002), so the low number of sampling occasions (n = 8) and the limited number of sample
sites (n = 22) likely contributed to this finding.
The different detection probabilities between survey night 1 (0.18) and survey night 2
(0.02) likely do not reflect a biological difference in detection probabilities. Survey night 1 fell
on a different date for each survey cell, as did survey night 2; therefore, a difference in detection
probability between nights could not be a biologically driven pattern. However, for cells 53, 83
and 100, small mammal trapping began the day after ANABAT detectors were placed in the
field. The increased human activity at those study sites may have reduced detection probabilities
on the second survey night. The increased noise, increased small mammal activity, or general
disturbance could have all negatively influenced the detection of M. sodalis. Detection
probabilities for the other 2 species provide further evidence for this interpretation: decreased
detection probability on the second survey night was also observed for E. fuscus and P.
subflavus. Whereas E. fuscus had overall lower detection probabilities and P. subflavus had
overall greater detection probabilities, the second survey night consistently had lower detection
probabilities. Despite the general prevalence of P. subflavus, there was a notable decline in
detections on the second night.
Because the best model for M. sodalis modeled detection probability as a function of
temperature, it may be an important factor. There was a weak negative relationship between
temperature and detectability, indicating that detection probability would increase as
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temperatures decline. However, this relationship seems to be contrary to what would be
expected. M. sodalis is more active in warmer temperatures. Temperatures in this study only
ranged from 67.5°F to 74.7°F and most likely did not impact detection probabilities. The
relationship between temperature and detectability may simply reflect a different detection
probability between cells because the data were collected at the cell level. Thus, there may be a
difference in detectability between cells based on variables not included in this model.
According to the goodness of fit test, model fit was poor, which resulted in a high ĉ value
of 5. After the ĉ adjustment, the null model became the top model and detection modeled as a
function of night was the second model. Although the data provided some support regarding the
influence of survey night on the detection probability, these findings clearly reflect overdispersion of the data. Therefore, these results should be interpreted with caution.

Management Implications
Although accurate occupancy rates of M. sodalis could not be determined for
Tennessee’s Cumberland Plateau, there may be some implications regarding future studies.
Based on the naïve occupancy rate of M. sodalis in the study area in Cumberland County, the
species is not uncommon during the summer months. However, the probability of detecting the
species is low.
Because of the potential impact of human disturbance on the detection of not only M.
sodalis, but also E. fuscus and P. subflavus, future studies should reduce human activity at
sample sites over the course of the study. Additionally, traditional capture methods of bats,
including mist netting, should be compared with ANABAT detectors to determine if the
disturbance involved in preparing traps could affect the detection of the species of interest.
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Because the specific interaction between human activity and detection probability is not
understood, further studies should be conducted.
Future studies of M. sodalis should increase the number of sample sites and the number
of sampling occasions and use local habitat conditions as site covariates. The accuracy of
occupancy estimates should improve as sample size increases. Similarly, incorporating localized
habitat variables can only increase the significance of occupancy estimations. Future studies
should incorporate more sample sites and more sampling occasions. Potential habitat variables
could include the following: dominant tree type, canopy composition, distance to water, distance
to roads, presence of snags, percent tree cover, and distance to nearest hibernacula.
The Cumberland Plateau may be an important area for M. sodalis habitat, with large
stretches of hardwood forests. The area should be an integral focus in M. sodalis management
and recovery plans. Because the species is known to occur in the area, potential habitat
alterations should be carefully evaluated. Future research should focus on specific interactions
between M. sodalis and local habitat characteristics. Additionally, research should focus on
seasonal changes in population dynamics and seasonal changes in habitat preference.
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Table 1. Latitude and longitude of study cells (Salyers 2006) for M. sodalis occupancy model, Cumberland
County, Tennessee, 2009.

Cell
53
53
53
53
83
83
83
83
100
100
100
100
103
103
103
103
131
131
131
131

Latitude
35°.51.304
35°.48.689
35°.48.633
35°.51.242
35°.56.636
35°.54.022
35°.53.971
35°.56.579
35°.59.183
35°.56.573
35°.56.516
35°.59.143
35°.59.019
35°.56.406
35°.56.349
35°.58.950
36°.04.461
36.°01.853
36°.01.797
36°.04.414
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Longitude
-84°.52.572
-84°.52.647
-84°.49.443
-84°.49.373
-84°.58.854
-84°.58.923
-84°.55.711
-84°.55.654
-84°.55.577
-84°.55.647
-84°.52.438
-84°.52.358
-84°.45.934
-84°.46.012
-84°.42.804
-84°.42.726
-84°.58.665
-84°.58.734
-84°.55.500
-84°.55.418

Table 2. Encounter histories of M. sodalis, based on ANABAT detections in Cumberland County, Tennessee, 2003. Other information includes date
placed in the field, cell number, percent tree cover, total road length, and total stream length. Highlighted rows include data that was not used in
occupancy estimations.

11001100

Group 1
(Cell 53)
1

Group 2
(Cell 131)
0

Group 3
(Cell 100)
0

Group 4
(Cell 83)
0

Average
Temperature (°F)
67.5

53

00100100

1

0

0

0

67.5

6/9/2003

53

01000100

1

0

0

0

67.5

6/16/2003

131

00100000

0

1

0

0

70.7

6/16/2003

131

00000000

0

1

0

0

70.7

6/16/2003

131

00000000

0

1

0

0

70.7

6/16/2003

131

00100000

0

1

0

0

70.7

6/16/2003

131

10000100

0

1

0

0

70.7

6/23/2003

131

00000000

0

1

0

0

71.1

6/23/2003

131

00100000

0

1

0

0

71.1

6/23/2003

131

00000000

0

1

0

0

71.1

6/23/2003

131

01000000

0

1

0

0

71.1

6/23/2003

131

00000000

0

1

0

0

71.1

6/23/2003

131

00000000

0

1

0

0

71.1

6/23/2003

131

00000000

0

1

0

0

71.1

7/7/2003

100

00100000

0

0

1

0

74.7

7/7/2003

100

00100000

0

0

1

0

74.7

Date
6/9/2003

Cell
53

6/9/2003

Encounter
History
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Table 2, cont.

Date

Cell

Encounter
History

Group 1
(Cell 53)

Group 2
(Cell 131)

Group 3
(Cell 100)

Group 4
(Cell 83)

Average
Temperature (°F)

7/14/2003

103

0100....

0

0

0

0

75.3

7/14/2003

103

0010....

0

0

0

0

75.3

7/14/2003

103

0100....

0

0

0

0

75.3

7/28/2003

83

00000000

0

0

0

1

71.3

7/28/2003

83

00110000

0

0

0

1

71.3

7/28/2003

83

00000000

0

0

0

1

71.3

7/28/2003

83

10000000

0

0

0

1

71.3

7/28/2003

83

10010000

0

0

0

1

71.3
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Table 3. Model selection results for M. sodalis detection probability (p) and occupancy (ψ), Cumberland County, Tennessee, 2009.

a

Modela
{p(night*temp) ψ(.)}

AICc
121.843

ΔAICc
0.00

AICc
Weight
0.81767

Model
Likelihood
1.0000

# Par.
5.0000

Deviance
108.093

{p(night+temp) ψ(.)}

126.125

4.28

0.09611

0.1175

4.0000

115.772

{p(night+g) ψ(.)}

127.817

5.97

0.04125

0.0504

6.0000

110.217

{p(night) ψ(.)}

128.422

6.58

0.03047

0.0373

3.0000

121.089

{p(night+temp+g) ψ(.)}

130.553

8.71

0.01050

0.0128

7.0000

108.553

{p(.) ψ(.)}

132.761

10.92

0.00347

0.0043

2.0000

128.130

{p(night*temp) ψ(g)}

133.266

11.42

0.00269

0.0033

8.0000

106.189

{p(night+temp) ψ(g)}

134.935

13.09

0.00117

0.0014

7.0000

112.935

{p(t) ψ(.)}

140.118

18.27

0.00009

0.0001

9.0000

107.118

{p(t+temp) ψ(.)}

141.702

19.86

0.00004

0.0000

10.000

101.702

{p(g+t) ψ(.)}

154.246

32.40

0.00000

0.0000

12.000

95.579

{p(g+t) ψ(g)}

205.198

83.36

0.00000

0.0000

15.000

95.198

night = survey night
temp = average survey temperature (°F)
g = group effect/sample cell
t = survey time
. = constant detection/occupancy rate
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Table 4. Model selection results for M. sodalis detection probability (p) and occupancy (ψ) after ĉ=5.0 adjustment, Cumberland County, Tennessee,
2009.

a

Modela
{p(.)psi(.)}

AICc
30.258

ΔAICc
0.00

AICc
Weight
0.55262

Model
Likelihood
1.0000

# Par.
2.0000

Deviance
25.626

{p(night)psi(.)}

31.551

1.29

0.28942

0.5237

3.0000

24.218

{p(night+temp)psi(.)}

33.507

3.25

0.10883

0.1969

4.0000

23.154

{p(night*temp)psi(.)}

35.369

5.11

0.04291

0.0776

5.0000

21.619

{p(night+g)psi(.)}

39.643

9.39

0.00506

0.0092

6.0000

22.043

{p(night+temp+g)psi(.)}

43.711

13.45

0.00066

0.0012

7.0000

21.711

{p(night+temp)psi(g)}

44.587

14.33

0.00043

0.0008

7.0000

22.587

{p(night*temp)psi(g)}

48.315

18.06

0.00007

0.0001

8.0000

21.238

{p(t)psi(.)}

54.424

24.17

0.00000

0.0000

9.0000

21.424

{p(t+temp)psi(.)}

60.340

30.08

0.00000

0.0000

10.000

20.340

{p(g+t)psi(.)}

77.783

47.53

0.00000

0.0000

12.000

19.116

{p(g+t)psi(g)}

129.040

98.78

0.00000

0.0000

15.000

19.040

night = survey night
temp = average survey temperature (°F)
g = group effect/sample cell
t = survey time
. = constant detection/occupancy rate
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Table 5. Model selection results for E. fuscus detection probability (p) and occupancy (ψ), Cumberland County, Tennessee, 2009.

a

Modela
{p(.) ψ(.)}

AICc
94.959

Δ AICc
0.00

AICc
Weight
0.48560

Model
Likelihood
1.0000

#Par
1.0000

Deviance
92.759

{p(night) ψ(.)}

95.815

0.86

0.31649

0.6517

3.0000

88.482

{p(night+temp) ψ(.)}

98.077

3.12

0.10216

0.2104

4.0000

87.724

{p(night*temp) ψ(.)}

98.427

3.47

0.08573

0.1765

5.0000

84.677

{p(night+temp+g) ψ(.)}

104.142

9.18

0.00492

0.0101

7.0000

82.142

{p(night+g) ψ(.)}

104.551

9.59

0.00401

0.0083

6.0000

86.951

{p(night+temp) ψ(g)}

108.242

13.28

0.00063

0.0013

7.0000

86.242

{p(t) ψ(.)}

109.998

15.04

0.00026

0.0005

9.0000

76.998

{p(night*temp) ψ(g)}

110.908

15.95

0.00017

0.0004

8.0000

83.831

{p(t+temp) ψ(.)}

116.175

21.22

0.00001

0.0000

10.000

76.175

{p(g+t) ψ(.)}

134.000

39.04

0.00000

0.0000

12.000

75.333

{p(g+t) ψ(g)}

183.541

88.58

0.00000

0.0000

15.000

73.541

night = survey night
temp = average survey temperature (°F)
g = group effect/sample cell
t = survey time
. = constant detection/occupancy rate
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Table 6. Model selection results for P. subflavus detection probability (p) and occupancy (ψ), Cumberland County, Tennessee, 2009.

a

Modela
{p(night+g) ψ(.)}

AICc
147.261

Δ AICc
0.00

AICc
Weight
0.62129

Model
Likelihood
1.0000

#Par
6.0000

Deviance
129.661

{p(night*temp) ψ(.)}

149.287

2.03

0.22563

0.3632

5.0000

135.537

{p(night+temp+g) ψ(.)}

151.096

3.84

0.09130

0.1470

7.0000

129.096

{p(night) ψ(.)}

152.714

5.45

0.04066

0.0654

3.0000

145.381

{p(.) ψ(.)}

155.472

8.21

0.01024

0.0165

2.0000

150.841

{p(night+temp) ψ(.)}

155.715

8.45

0.00907

0.0146

4.0000

145.362

{p(night*temp) ψ(g)}

159.396

12.14

0.00144

0.0023

8.0000

132.319

{p(night+temp) ψ(g)}

162.679

15.42

0.00028

0.0005

7.0000

140.679

{p(t) ψ(.)}

164.849

17.59

0.00009

0.0001

9.0000

131.849

{p(t+temp) ψ(.)}

171.829

24.57

0.00000

0.0000

10.000

131.829

{p(g+t) ψ(.)}

173.616

26.36

0.00000

0.0000

12.000

114.949

{p(g+t) ψ(g)}

224.949

77.69

0.00000

0.0000

15.000

114.949

night = survey night
temp = average survey temperature (°F)
g = group effect/sample cell
t = survey time
. = constant detection/occupancy rate
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Figure 12. Division of landscapes (2,331 ha-square) sampled in the Emory/Obed watershed in Cumberland and Morgan Counties, Tennessee, between
the years of 2002-2004 (Salyers 2006), with ANABAT sample cells highlighted in red.
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CHAPTER IV
POTENTIAL MATERNITY ROOSTING HABITAT FOR MYOTIS
SODALIS IN TENNESSEE’S CUMBERLAND PLATEAU
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Abstract
The endangered Indiana Bat (Myotis sodalis) has experienced declining populations
across its entire range. While many known hibernacula are protected from human disturbance,
the species’ summer roosting habitat remains unprotected. Tennessee’s Cumberland Plateau,
specifically Campbell, Cumberland, Fentress, Morgan, Overton and Scott Counties, comprises
part of M. sodalis’s home range. However, the area’s recent growth and development have made
it an area of concern for the species. This study ranked various M. sodalis maternity roost
characteristics in pairwise comparisons, based on expert opinion. The ranks of habitat
characteristics were translated into weights that were applied to the spatial representation of each
habitat characteristic. Upland areas with hardwood tree species were deemed the most important
for M. sodalis maternity roosting sites, followed by riparian hardwood areas, general forested
areas, upland softwood areas, riparian softwood areas, boundaries between forested and
agricultural areas and finally developed and agricultural areas. A large portion of the study area
was determined to have a high potential for M. sodalis maternity roosts, though none of the areas
with high potential were located in currently protected area. Future models could improve upon
the accuracy of this model by calibrating the model to known maternity roosts.
Introduction
The Indiana Bat (Myotis sodalis) was federally listed as endangered in 1967 because of
substantial declines in population numbers and range, and is now protected under the
Endangered Species Act of 1973 (Public Law 93-205, as amended). M. sodalis has a wide
distribution, residing in many of the eastern states, with locations as far west as eastern
Oklahoma, as far north as Michigan across to New England, and as far south as the northern tip
of Florida (Saugey et al. 1990, Thomson 1982). However, the species is listed as endangered
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across its entire range. The species’ decline has been associated with human disturbance in
wintering caves, also known as hibernacula (USFWS 2004). Disturbance of the species during
hibernation results in a loss of energy reserves, decreasing the species ability to survive and
reproduce. Because of the known correlation between population declines and human
disturbance in hibernacula, most recovery plans for the species have focused on protecting
hibernacula and reducing human contact with the species. There are several other factors,
however, that play a role in the survival and reproduction of the species. Adequate sites for
maternity roosts represent one of those factors.
Mating of M. sodalis occurs from late fall to early spring; however, because the females
undergo delayed fertilization, the young are not born until early summer. During the summer
months, females reside in maternity roosts, most often in clusters of 20 to 100 females.
Parturition and early development take place within the roost. The maternity roosts tend to be
located in snags with shaggy bark that are partially exposed to sunlight (Humphrey et al. 1977).
The sunlight is thought to speed the development of the young. Maternity roosts are an
important part of the M. sodalis life cycle. Although the general site characteristics of maternity
roosts are known, females roost in different sites each year, complicating management.
Protection of key habitat areas would be more effective if important areas for M. sodalis
maternity roosting could be identified.
This research focused on Tennessee’s Cumberland Plateau, specifically Campbell,
Cumberland, Fentress, Morgan, Overton, and Scott Counties (Fig. 13), an area that has
undergone substantial growth and ecological change in recent years. M. sodalis is known to
occur in the area, but the exact locations and life history characteristics of the populations in this
area are not well known. Several M. sodalis hibernacula have been identified in the area and are
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the basis for most management decisions. However, it is not known if these are the only
hibernacula used by the species. To ensure that the species is protected amidst the rapid growth
in the area, delineation of hibernacula and areas providing maternity roosting habitat are
important management goals. Because several hibernacula are already protected for the species,
this study focused on maternity roosting sites. Specifically the objective for this study was to
identify potential areas for M. sodalis maternity roosting sites in Tennessee’s Cumberland
Plateau.

Study Area
The Cumberland Plateau stretches across northcentral Tennessee and is recognized for its
biodiversity. The unique habitat in the area makes it ideal for a variety of species, several of
which are endemic, threatened or endangered. The Cumberland Plateau is part of the
Appalachian Plateau that stretches from Alabama to Kentucky, falling just west of the
Appalachian Mountains. The Plateau is recognized as the longest contiguous stretch of
hardwood Plateau in the United States. Because of the presence of M. sodalis in the Cumberland
Plateau and because of the drastic ecological changes that have occurred in the area, the sixcounty area of Campbell, Cumberland, Fentress, Morgan, Overton, and Scott Counties (Fig. 13),
were chosen as the study area.
In recent years, the section of the Cumberland Plateau that covers the northcentral part of
Tennessee has undergone significant levels of growth and development. After experiencing slow
development for centuries because of the unsuitable terrain and rocky soils, low taxes and land
prices in the area have attracted both recreationists and those looking to buy a second home. The
city of Crossville, in Cumberland County, sits at the headwaters of the Obed River (a designated
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“wild and scenic river”) and has experienced a drastic population increase over the past decade.
Likewise, several other areas across the Plateau have experienced similar growth. The increase
in water use, land use change, timber harvest, and roaded areas to accommodate this growth have
all stressed the biodiversity in the area.

Methods
Analytical Hierarchy Model
Although a small number of maternity roosting sites have been identified on the
Cumberland Plateau, the overall sample size was too low to consider a data-based modeling
approach. Therefore, I used the Analytic Hierarchy Process (AHP), an expert-assisted analysis,
to identify important habitat areas for M. sodalis maternity roosting sites. The AHP was
developed as a decision-making tool in which numeric values could be assigned to subjective
components in the decision-making process (Saaty 1980). Because numeric values are assigned
to the components, decision-making is more objective. This technique has been commonly used
in the business field but has seen increasing use for natural resource applications. The AHP is
based on a pairwise comparison model organized in a hierarchical fashion (Saaty 1980). The
multivariate decision process is broken down into several criteria; criteria are compared, one pair
at a time to simplify the decision-making.
AHP has gained specific recognition as a valuable tool for wildlife management. By
linking the criteria within an AHP hierarchy to spatially derived data in GIS, the results can be
used to create a map describing potential habitat or potential areas of concern for wildlife
(Clevenger et al. 2002; Itami and Maclaren 2001). The pairwise comparisons are translated into
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weights that are applied to the GIS data layers; the sum of all layers creates a dynamic
representation of habitat, conflict or management concerns. Because few data are available,
AHP provides an ideal means by which to model M. sodalis maternity roosting sites in the
Cumberland Plateau.
Menzel (2001) recognized that the species of the roost tree may not be important, but
rather the physical characteristics of the site along with the location of the tree within the site
may determine which trees will be used. Whereas roosting M. sodalis are typically found in
wooded areas, Watrous (2006) suggested that agricultural land comprised a substantial
proportion of M. sodalis home ranges, although its exact role could not be determined. Menzel
et al. (2005) indicated that the interaction between agricultural and forested landscapes seemed to
be important, though the exact preference by M. sodalis was not understood. This observation
could be related to an edge effect between the two landscape types, or access to a varied
landscape. Although maternity roosts are typically found in riparian areas, Garner and Gardner
(1992) noted that a significant number of trees have also been found in upland areas.
Habitat characteristics related to tree type and location, forest structure and surrounding
landscape dynamics are most important in determining the location of M. sodalis maternity
roosts. In order to represent the criteria in a GIS format, they must be of a form that can be
represented spatially. Therefore, those that did not correlate directly to spatial data (i.e. insect
availability, local human disturbance, etc.) were excluded, resulting in eight specific criteria for
the model. Because previous studies have identified land use and forest structure as important
habitat characteristics, four criteria were created based on land use patterns and four were created
based on the potential for maternity roosting trees. Under the land use category, the criteria
included: 1) percent agricultural land (cultivated crops or pasture), 2) percent forested land, 3)
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percent developed area, and 4) density of forest-agricultural boundaries. The potential for
maternity roosting trees was subdivided into the following criteria: 5) percent hardwood tree
cover in riparian areas, 6) percent softwood tree cover in riparian areas, 7) percent hardwood tree
cover in upland areas, and 8) percent softwood tree cover in upland areas (Fig. 14).
Thirty-three M. sodalis experts were questioned in December 2008 (Appendix A).
Experts were identified based on publications and field experiences with M. sodalis. Using
pairwise comparisons, the experts were asked to rank each criteria individually, based on its level
of importance to M. sodalis maternity roosting in Tennessee’s Cumberland Plateau. The most
important criteria were selected, and then ranked on a scale of 1 (the two criteria are of equal
importance) to 9 (the selected criterion is definitely more important than the other criteria; Saaty
1980).

The responses were averaged so that each response was weighted equally and minority

opinions were not overlooked, as could be the case in a group consensus method (Schmoldt and
Peterson 2000).
WEB-Hipre, a web-based program designed for decision analysis, was used to convert
the results of the pairwise comparisons into matrices of the average ranks (Mustajoki and
Hamalainen 1999). Within WEB-Hipre, a consistency ratio is calculated: this is a ratio of the
consistency index (the deviation from consistency) to the random index (randomly generated
reciprocal index; Saaty 1980). This ratio is a measure of consistency amongst the survey
responses: a value < 0.1 is desired (Saaty 1980). WEB-Hipre also calculates relative weights for
each criterion in the model, which can be applied to the corresponding spatial data layers to
calculate a habitat index.
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Spatial Data
Eight map layers were created to spatially represent the corresponding criteria. All data
layers were reclassified into ArcGIS grid format, with a 30 x 30 m pixel size. The 2001
National Land Cover Data (NLCD 2001) were used to extract agricultural (all land cover
classified as pasture/hay or cultivated crops), forested (all forest cover classified as deciduous,
evergreen or mixed), and developed land use (all developed areas classified as open space, low
intensity, medium intensity, or high intensity), as well as hardwood tree cover (all forest cover
classified as majority deciduous forest), and softwood tree cover (all forest cover classified as
majority evergreen forest) for Campbell, Cumberland, Fentress, Morgan, Overton, and Scott
Counties. A polyline layer was created to represent boundaries between agricultural and forested
land areas, based on the NLCD data; and the USGS NHD RF3 hydrology layer was employed in
buffering streams by 60 m to delineate riparian areas (Jakes et al. 2003). All areas not classified
as “riparian” were classified as “upland”; therefore, the upland area was the inverse of the
riparian area. The riparian and upland hardwood and softwood tree cover layers were created by
another reclassification within the area of interest. For each of the eight spatial variables, pixels
with the land-use category of interest were reclassified with a value of 1, whereas all other pixels
received a value of 0.
According to Menzel et al. (2005), the average home range size of M. sodalis is
approximately 150 ha (0.6 miles2 or 370 acres). Therefore, a neighborhood analysis was
conducted using a circular window with a radius of 612 m. The neighborhood analysis
determined a mean value for the variable of interest within the moving window. The resulting
layers were multiplied by the weights of the corresponding variables from the WEB-Hipre
analysis. Finally, I added the values of the eight weighted layers using the raster calculator in
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ArcGIS™ to obtain an index of maternity roosting sites.

Those values ranged from 0 to 1, with

values closer to 1 indicating a greater likelihood, according to the experts, of the presence of M.
sodalis maternity roosts.
When a neighborhood analysis was performed on several of the data layers (percent
hardwood treecover in riparian areas, percent hardwood treecover in upland areas, percent
softwood treecover in riparian areas, and percent softwood treecover in upland areas), the
resulting values were very low and did not range from 0 to 1. Therefore, their values were
rescaled with the following formula using the Raster Calculator in ArcGIS™:
xi = (Ri – Rmin)/(Rmax – Rmin)
This conversion allowed for easier weighting in the final map generation.

Results
Survey Results
Based on the responses of nine M. sodalis experts (response rate = 27%), five paired
comparison matrices were created (see Table 6). Because the experts did not always agree on
the most important criteria in paired comparisons, the ranks were averaged. In some
comparisons, when the same criterion was not chosen by all respondents, the ranks for the
dominant criterion were summed as positive values, while the secondary criterion was summed
as a negative value. This value was then divided by the total number of responses for that
comparison. The resulting values were not all whole numbers; therefore, averages were rounded
to the nearest tenth (because this is as specific as Web-HIPRE allows values to be entered).
However, one comparison, when averaged, resulted in a value less than 1 (which cannot be
accommodated by Web-HIPRE), therefore, the value was rounded to 1.
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The five comparison matrices had an average consistency ratio of 0.06 (C.R. range: 0.000
to 0.291; see Table 6). Based on Saaty’s (1980) preference for a consistency ratio < 0.1, I
determined the model results were acceptable.

Based on the relative ranks, the potential for

maternity roosting trees (0.737) was more important than land use patterns (0.263; Fig. 15).
Within land use, % forested land area (0.505) was more important than the density of forestagricultural boundaries (0.233), the % developed land area (0.137), and the % agricultural land
area (0.124). Percent upland area (0.545) was more important than % riparian area (0.455),
regarding the potential for maternity roosting trees. Percent hardwood tree cover in riparian areas
(0.783) was more important than % softwood tree cover in riparian areas (0.217). Similarly, %
hardwood tree cover in upland areas (0.706) was more important than % softwood tree cover in
upland areas (0.294).
The relative weights were ranked to determine the overall importance of each criterion
within the hierarchy. The ranked weights, from most important to least important, were: %
hardwood tree cover, upland areas (0.28); % hardwood tree cover, riparian areas (0.26); %
forested land area (0.13); % softwood tree cover, upland areas (0.11); % softwood tree cover,
riparian areas (0.07); density of forest-agricultural boundaries (0.06); % developed land area
(0.03); and % agricultural land area (0.03; Table 7).
Habitat Mapping
Using the Raster Calculator in ArcGIS™, data layers were multiplied by their ranked
weight and then summed together to create the final map, which depicted potential M. sodalis
maternity roosting sites in Tennessee’s Cumberland Plateau (Fig. 16). Index values for potential
maternity roosting habitats ranged from 0.03 to 0.73. Approximately 27% of the study area had
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values from 0.40 to 0.73, which may be considered areas with relatively high potential for M.
sodalis maternity roosting habitat.
Using public land boundaries, the average index for M. sodalis maternity roosting sites
was 0.20, 0.40, and 0.32 within TVA reservoirs, state forests, and national park areas,
respectively (Fig. 17). The average potential for M. sodalis maternity roosting sites within city
boundaries was 0.20 (Fig. 18). Areas with high potential for M. sodalis maternity roosts that lay
within public lands would be a lower management priority than areas with high potential for M.
sodalis maternity roosts that were close to cities or interstate highways.
Discussion
Though an expert opinion survey is often not as ideal as a literature based review for
modeling wildlife habitat (Clevenger 2002), it was preferable for modeling potential M. sodalis
maternity roosting sites in Tennessee’s Northern Cumberland Plateau, because of the minimal
literature available on the subject. Overall, survey responses were consistent, with an average
consistency ratio of 0.06. However, the consistency ratio for the land use sub-criteria was 0.291.
This value is much greater than expected, though many factors could have contributed. The land
use sub-criteria were difficult to rank and the experts often disagreed. The experts emphasized
that the importance of each land use type for M. sodalis maternity roosts was dependent on the
other land use types in the area. For example, percent agricultural land area was only more
important than developed area if it is combined with a high percent forested land area. Though I
had hoped to capture this effect with the “density of forest/agricultural boundaries” layer, the
overall comparison proved to be confusing and probably was the primary source of inconsistent
responses.
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Areas with the greatest potential for M. sodalis maternity roosts were located in southeast
Overton County, western Fentress County, eastern Morgan County, and southern Scott and
Campbell Counties. The areas with the highest potential were not associated with cities or
interstate highways. Additionally, protected areas only supported moderate potential for M.
sodalis maternity roosts. Therefore, many potential M. sodalis roosting sites may be located on
non-industrial private forest land (NIPF).
Thus, management for maternity roosting sites may be challenging. Since the 1950s, the
increase in NIPF, currently around 72% of all forested land in the Cumberland Plateau, has been
correlated with forest fragmentation and landuse change (Clatterbuck et al. 2006). It is not
known whether or not these recent changes have affected M. sodalis, but presumably, the
continuation of such trends could result in habitat degradation and home range shifts. More
research is needed to determine specific areas of concern. That is, areas with declining M.
sodalis populations, degraded habitat, or increased human disturbance. However, conducting
this research on private lands and implementing new management plans may be difficult.
Future Research
The accuracy of this model could be improved by testing it with known locations of M.
sodalis maternity roosts in the area, conducting a group consensus survey, focusing on smaller
areas, or utilizing field data. This model is only based on expert opinions and would not be
sufficient for guiding management decisions. Testing the model with site specific data would
both improve the model and improve the model’s authority for management decisions.
Similarly, by conducting a group consensus survey, survey participants would have the ability to
discuss questions and answers would not have to be averaged. If the study had focused on a
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smaller area and field data were collected within that area, the precision of the model could be
increased and the accuracy of model predictions may be improved.
Although the habitat model may accurately depict the potential for maternity roosting
sites on a large scale, it is insufficient to predict actual M. sodalis maternity roosting sites. While
each maternity roost tends to be associated with the habitat characteristics included in the model,
the most important habitat characteristic is the specific tree in which the roost is located. While
it is known that M. sodalis prefers snags with shaggy bark and partially open canopies, it is
difficult to model this at a broader spatial scale. Therefore, though this model could not be used
to predict actual maternity roosting sites, it has identified areas in the Cumberland Plateau where
maternity roosts may be more likely to occur. Though more research is needed in this area, the
map could be utilized as a baseline for future M. sodalis maternity roost research.
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Table 7. Matrices of pairwise comparison results for an expert assisted model to determine the potential for
M. sodalis maternity roosting sites in Tennessee’s Cumberland Plateau, 2009. Results are based on the
opinions of 9 experts, regarding (a) land use and potential for maternity roosting trees, main criteria; (b) land
use, sub-criteria; (c) potential for maternity roosting trees, sub-criteria; (d) riparian areas, sub-criteria; and
(e) upland areas, sub-criteria.

(a)
Land Use
Potential for Maternity Roosting Trees
Consistency Ratio = 0.000

LU
1
2.8

LU
PM

PM
0.36
1

(b)
% Forested Land Area

FA

% Agricultural Land Area
AA
% Developed Land Area
DA
Density Forest/Agricultural Edges DE
Consistency Ratio = 0.291

FA
1

AA
4.1

DA
3.6

DE
2.8

0.24
0.28
0.36

1
0.63
3.6

1.6
1
1

0.28
1
1

(c)
% Riparian Land Area
% Upland Land Area
Consistency Ratio = 0.000

RA
UA

RA
1
1.2

UA
0.83
1

SR
HR

SR
1
3.6

HR
0.28
1

SU
HU

SU
1
2.4

HU
0.42
1

(d)
% Softwood Tree Cover, Riparian
% Hardwood Tree Cover, Riparian
Consistency Ratio = 0.000
(e)
% Softwood Tree Cover, Upland
% Hardwood Tree Cover, Upland
Consistency Ratio = 0.000
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Table 8. Ranked weights, as assigned to each habitat criterion for an expert-assisted model to determine the
potential for M. sodalis maternity roosting sites in Tennessee’s Cumberland Plateau, 2009. Ranked weights
are determined based on 9 expert opinions, and are ordered by importance.

Habitat criterion

Ranked weight

Hardwood Tree Cover, Upland Areas (%)

0.28

Hardwood Tree Cover, Riparian Areas (%)

0.26

Forested Area, Land Use (%)

0.13

Softwood Tree Cover, Upland Areas (%)

0.11

Softwood Tree Cover, Riparian Areas (%)

0.07

Density Forest/Agriculture Boundaries

0.06

Developed Area, Land Use (%)

0.03

Agricultural Area, Land Use (%)

0.03
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Figure 13. The Cumberland Plateau, Tennessee, USA, 2009. The study area encompassed Campbell,
Cumberland, Fentress, Morgan, Overton, and Scott Counties.
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Goal:
Identify Potential Habitat for
Indiana Bat Maternity Roosting
Sites

Level 1:

Level 1:

Land Use

Potential for Maternity
Roosting Trees

Level 2:

Level 2:

% Agricultural Area

% Forested Area

Level 2:

Level 2:

Level 2:

Level 2:

Forest-Agriculture

% Developed Land Area

% Flood Plain Area

% Upland Area

Edge Density

Level 3:

Level 3:

Level 3:

Level 3:

% Hardwood, Flood Plain

% Softwood, Flood Plain

% Softwood, Upland

% Hardwood, Upland

Figure 14. Analytic hierarchy for expert-assisted model to determine potential habitat for M. sodalis maternity roosting sites in Tennessee’s
Cumberland Plateau (Campbell, Cumberland, Fentress, Morgan, Overton, and Scott Counties), 2009. The hierarchy consists of 3 levels and 8 criteria.
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Indiana Bat Maternity Roosting
Sum of Weights: 1.000

Land Use
Weight: 0.263

% Agricultural Area
Weight: 0.124

Potential for Maternity
Roosting Trees
Weight: 0.737

% Forested Area
Weight: 0.505

Forest-Agriculture Edge Density
Weight: 0.233

% Developed Land Area
Weight: 0.137

% Hardwood, Flood Plain
Weight: 0.783

% Softwood, Flood Plain
Weight: 0.217

% Flood Plain Area
Weight: 0.455

% Softwood, Upland
Weight: 0.294

% Upland Area
Weight: 0.545

% Hardwood, Upland
Weight: 0.706

Figure 15. Weighted criteria to determine potential habitat for M. sodalis maternity roosting sites in Tennessee’s Cumberland Plateau (Campbell,
Cumberland, Fentress, Morgan, Overton, and Scott Counties), 2009. Weights were determined based on opinions of 9 experts.
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Figure 16. Potential Myotis sodalis maternity roosting sites, Campbell, Cumberland, Fentress, Morgan, Overton, and Scott Counties, Tennessee, 2009.
Results were based on an expert-assisted model, completed by 9 experts. Areas with the highest potential for M. sodalis maternity roosts have a value of
0.73, while areas with the lowest potential have values of 0.03.
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Figure 17. Potential M. sodalis maternity roosting sites, Campbell, Cumberland, Fentress, Morgan, Overton and Scott Counties, Tennessee, 2009.
Protected areas, including TVA Reservoirs, TN state parks and National Parks are highlighted.
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Figure 18. Potential M. sodalis maternity roosting sites, Campbell, Cumberland, Fentress, Morgan, Overton and Scott Counties, Tennessee, 2009.
Tennessee interstate highways and city boundaries are highlighted to identify potential areas of concern.
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APPENDIX A
Expert Opinion Survey
Background
Because relatively little data has been collected on Indiana Bats in Tennessee’s Cumberland
Plateau (specifically Cumberland, Morgan, Scott, Campbell, Overton and Fentress Counties), the
Analytical Hierarchy Process (AHP) was adopted to locate potential areas for Indiana Bat
maternity roosting. This model is an expert-assisted pairwise comparison model organized in a
hierarchical fashion. With three levels of organization, the comparisons in the model allowed
various spatially-derived roosting characteristics to be ranked and weighted according to their
importance (Fig. 1).
A group of experts will either fill out the survey as individuals, or work in a group, to rank each
factor based on its importance for Indiana Bat roosting. Although the number of parameters that
could affect Indiana Bat roosting in Tennessee’s Cumberland Plateau are theoretically unlimited,
this model will only be based on factors which can be spatially represented. Therefore, though
insect availability is a key factor for Indiana Bat roosting, because this factor cannot be
represented in a map, it will not be included in the model.
In every level of comparison, each factor will be compared to every other factor in that level, and
ranked according to its importance. After the ranks are determined for each factor, the rank will
be applied as a weight to the corresponding GIS layer which it represents. All factors will be
represented as ranked map layers in GIS to determine the best areas for maternity roosting.
Objective
To rank factors based on their importance to Indiana Bat maternity roosting habitat in
Tennessee’s Cumberland Plateau.
Criteria
All criteria were established using a 150 hectare (0.6 mi2 or 370 acres) circular moving window
analysis for the model. This is recognized as the approximate home range size for roosting male
and female Indiana Bats.
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Goal:
Indiana Bat Maternity
Roosting Habitat

Level 1:
Land Use

Level 2:
% Agricultural Area

Level 2:
Forest-Agriculture
Edge Density

Level 3:
% Hardwood, Flood Plain

Level 1:
Potential for Maternity
Roosting Trees

Level 2:
% Forested Area

Level 2:
% Developed Land Area

Level 3:
% Softwood, Flood Plain

Level 2:
% Flood Plain Area

Level 3:
% Softwood, Upland

Level 2:
% Upland Area

Level 3:
% Hardwood, Upland

Figure 1. The hierarchy of spatially derived characteristics that will be compared and ranked to identify Indiana Bat maternity
roosting habitat in Tennessee’s Cumberland Plateau, 2008.
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Instructions
For each section, read the definitions of the criteria and the perspective statement. This
perspective statement is particularly important because comparisons can be heavily
affected by your point of view. Then, for each criteria comparison, mark the box below
the variable which you decide is more important. Finally, circle the number for each
comparison that represents the degree of importance of that variable.
Importance ratings are on a 9-point continuous scale:
1 Equal importance = both factors contribute equally to the objective
2
3 Moderately more important = experience or judgment favors the selected factor
4
5 Strongly more important = experience or judgment strongly favors the selected factor
6
7 Very strongly more important = dominance of the selected factor is strongly demonstrated
in practice
8
9 Extremely more important = dominance of the selected factor is of the highest possible
order
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Main Criteria – Indiana Bat Maternity Roosting
Description of Main Criteria:


Land Use
Definition: The main criterion land use refers to the pattern in which the landscape is
used, including the following categorizations: agricultural (crop, pasture), forest, mixed
land use (specifically forest/agriculture edges), and developed land areas.
Concern: Do factors related to the way in which the landscape is used influence where
an Indiana Bat maternity roost is located?



Potential for Maternity Roosting Trees
Definition: This main criterion, potential for maternity roosting trees, includes measures
of potential based on the density of upland and riparian areas and the density of
hardwoods and softwoods in these areas.
Concern: Do factors related to the location and type of trees present influence where an
Indiana Bat maternity roost is located?

Perspective
Overall, which main criteria do you think is more likely to influence the potential for
Indiana Bat maternity roosting habitat in Tennessee’s Cumberland Plateau?

Which criteria is more important?

To what degree?

Land use OR potential for maternity roosting trees?

123456789
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Sub-Criteria I: Land Use
Land Use
Measurements based on forest, agriculture, mixed forest/agriculture, and developed land
use.
Description of Site Characteristics


% Forested Area
Definition: The percent of land area which is covered by forest. In a window analysis,
the overall percent of tree cover in the window.
Concern: Does the percent of forested area influence where an Indiana Bat maternity
roost is located?



% Agricultural Area
Definition: The percent of land area which is used for agricultural purposes, i.e. cultivated
crops or pasture.
Concern: Does the percent of land used for agricultural purposes influence where an
Indiana Bat maternity roost is located?



Forest-Agricultural Edge Density
Definition: The density of edges between forested land area and agricultural land area;
specifically, the habitat created by the interaction of these two land use types.
Concern: Does the density of forest-agricultural edges influence where an Indiana Bat
maternity roost is located?



% Developed Land Area
Definition: The percent of land area that is occupied by permanent structures, either
urban or rural.
Concern: Does the percent of developed land area influence where an Indiana Bat
maternity roost is located?
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Sub-Criteria I: Land Use (Continued)
Perspective
Which category of land use is more likely to affect the presence of maternity roosting
habitat for Indiana Bats?

Which criteria is more important?

To what degree?

Percent forested area OR percent agricultural area?

123456789

Percent forested area OR density forest/agriculture boundaries?

123456789

Percent forested area OR percent developed land area?

123456789

Percent agricultural area OR density forest/agriculture boundaries?

123456789

Percent agricultural area OR percent developed land area?

123456789

Percent developed land area OR density forest/agriculture boundaries? 1 2 3 4 5 6 7 8 9
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Sub-Criteria I: Potential for Maternity Roosting Trees
Potential for Maternity Roosting Trees
Measurements related to the potential for upland or riparian tree species presence.
Description of Site Characteristics


% Flood Plain/Riparian Area
Definition: Percent of landscape that can be classified as a flood plain or the percent of
level land area subject to flooding from a contiguous body of water. For the purposes of
this study, riparian area will be defined as a 60 meter buffer around all water bodies.
Concern: Does the presence of flood plains influence where an Indiana Bat maternity
roost is located?



% Upland Area
Definition: Percent of landscape area with elevations higher than the flood plain.
Concern: Does the presence of upland areas influence where an Indiana Bat maternity
roost is located?

Perspective
Which criterion, describing the potential for maternity roosting trees, is more likely to
affect the maternity roosts of Indiana Bats?

Which criteria is more important?

To what degree?

% flood plain area OR % upland area?

123456789
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Sub-Criteria II: % Flood Plain/Riparian Area
% Flood Plain/Riparian Area
Measurements based on the types of trees present in flood plain/riparian areas.
Description of Site Characteristics


% Hardwood Tree Cover
Definition: Measure of the percent of hardwood tree cover located in flood plain/riparian
areas.
Concern: Does the percentage of hardwood tree cover in riparian areas influence where
an Indiana Bat maternity roost is located?



% Softwood Tree Cover
Definition: The percent of softwood tree cover located in flood plain/riparian areas.
Concern: Does the percentage of softwood tree cover in riparian areas influence where
an Indiana Bat maternity roost is located?

Perspective
Which forest cover type in riparian areas is more likely to influence the location of
Indiana Bat maternity roosting sites?

Which criteria is more important?

To what degree?

% hardwood tree cover OR % softwood tree cover?

123456789

105

Sub-Criteria II: % Upland Area
% Flood Plain/Riparian Area
Measurements based on the types of trees present in upland areas.
Description of Site Characteristics


% Hardwood Tree Cover
Definition: Measure of the percent of hardwood tree cover located in upland areas.
Concern: Does the percentage of hardwood tree cover in upland areas influence where
an Indiana Bat maternity roost is located?



% Softwood Tree Cover
Definition: The percent of softwood tree cover located in upland areas.
Concern: Does the percentage of softwood tree cover in upland areas influence where an
Indiana Bat maternity roost is located?

Perspective
Which forest cover type in upland areas is more likely to influence the location of Indiana
Bat maternity roosting sites?

Which criteria is more important?

To what degree?

% hardwood tree cover OR % softwood tree cover?

123456789
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CHAPTER V
CONCLUSIONS AND MANAGEMENT IMPLICATIONS
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An area of extensive biodiversity and unique natural resources, the Northern Cumberland
Plateau’s recent growth and development have made it an area of special concern. Increased
population numbers, development, and infrastructure have altered the area’s native ecosystems.
Similarly, changing land ownership patterns have resulted in forest fragmentation, forest
degradation and deforestation. Because it is the home to a wide variety of endemic, threatened
and endangered species, the Northern Cumberland Plateau could benefit from better forest
management, a better understanding of the area’s unique wildlife and a holistic approach to
ecosystem management.
The Northern Cumberland Plateau’s extensive hardwood forests have lacked
management in recent decades, which has resulted in degraded tree quality and overstocked
stands (Clatterbuck et al. 2006). The degraded forests have become susceptible to both disease
and fire. Better management practices and sustainable practices could benefit not only the
forests, but also the diverse wildlife in the Plateau. However, with a majority of all forestland in
the hands of private landowners (Oswalt 2009), future forest management could become
vulnerable to a variety of market forces. Increased harvests for development and biomass
production, coupled with the conversion of forests for residential or agricultural purposes could
potentially threaten forest sustainability and wildlife health.
Chapter II examined four possible scenarios for future forest changes in the Plateau. The
scenarios predicted changes in timber harvests, prices, and inventories based on current
conditions, increased harvests for biomass production, decreased harvests for declining markets
and increased harvests for land use change. While declining timber markets would allow for the
greatest increase in hardwood inventories, increasing harvests for biomass production and land
use change could potentially result in declining inventories. Likewise, the declining timber
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market scenario could improve forest health if sustainable removals focused on improving tree
quality and allowing stand ages and size classes to recover, while wildlife habitat could improve.
Although, as timber prices decline, so does the incentive to improve tree quality. Therefore,
higher valued alternatives, such as development, are preferred. However, with increasing
pressure on development and biofuel expansion, the Plateau’s forests could become subject to
both permanent removals and further degradation.
This forest degradation and land use change may threaten the area’s unique wildlife,
specifically the Indiana bat (Myotis sodalis). M. sodalis could potentially thrive in the Plateau’s
hardwood forests, which are presumably ideal for summer roosting and foraging. Though the
species is known to hibernate in and around the Plateau during the winter months and occur in
the area during the summer months (A. French, University of Tennessee, unpublished data), the
exact life history patterns of the species are unknown.
In Chapter III, data from 2003 supported the fact that M. sodalis occurs moderately in
Cumberland County during the summer months. Though the detection of the species was
relatively low and specific habitat characteristics could not be correlated with occurrences, the
area can nevertheless be identified as one of concern. The detection of the species, along with
two other bat species, appeared to be negatively affected by increased human activity in the area.
This could have important implications for both future research and management. Likewise, the
rural development, urban expansion, low land prices, and natural scenery have put the natural
resources in the area at risk (Brockett and Wilinson 2006; Strickland 2003).
Knowing M. sodalis does occur in the area, it was important to recognize additional areas
that could potentially contain the species. Chapter IV utilized the opinions of M. sodalis experts
across the country to identify potential areas across the Plateau that could host M. sodalis
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maternity roosts. Pairwise comparisons of spatially derived habitat characteristics ranked upland
hardwood forest cover as the most important characteristic for identifying M. sodalis maternity
roosts. Additional essential characteristics included the following (in order of importance):
riparian hardwood forest cover, general forest cover, upland softwood forest cover, riparian
softwood forest cover, and boundaries between forest and agricultural areas. When these habitat
characteristics were inspected across Campbell, Cumberland, Fentress, Morgan, Overton and
Scott Counties in Tennessee, several areas were identified as having a high potential for M.
sodalis maternity roosts. The areas with greatest potential were located away from cities,
interstates, and public lands. Presumably, most of these areas were NIPFs across the six county
study area.
By understanding the Plateau’s crucial role in both known and potential M. sodalis
habitat, the area should be the focus of future research and management of the species. Though
the exact occurrence patterns of the species cannot be confirmed, its detectable presence in the
Plateau is significant. A considerable decrease in detection probability, presumably resulting
from increased human activity, could have serious implications for future M. sodalis research.
Likewise, the noteworthy potential for M. sodalis maternity roosts across the Plateau can both
help focus future research and guide management for the species.
Future research on the Plateau’s M. sodalis populations should focus on better
understanding occurrences and calibrating potential habitat to true habitat. Similarly, future
research should aim to achieve large sample sizes that can be correlated with significant
localized habitat characteristics. Improved occurrence data can then be used to calibrate maps
and descriptions of larger scale potential habitat in the Plateau. Additionally, research focused
on minimum viable population numbers and minimum home range size should be conducted.
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Future management for M. sodalis in the Cumberland Plateau should focus on protecting
and maintaining known and potential habitat. M. sodalis management should be broadened to
full life cycle management, by incorporating summer roosting habitat. Efforts should be made to
minimize land use change in areas with known populations, while surrounding areas should be
managed to improve habitat conditions. Removal of timber residues and traditionally nonmerchantable tree parts should be minimized in areas in and around known populations.
Similarly, protected areas should minimize human disturbance and should be buffered from
developed areas.
The Northern Cumberland Plateau is an area full of unique natural resources that has
recently gained widespread attention. An influx in human activity for recreational, residential
and commercial purposes has begun to alter the area’s natural ecosystems. In order to preserve
the area’s inimitable natural resources for wildlife and future generations alike, management of
the area’s forests and ecosystems needs to be improved. Advanced management should begin
with a focus on research and continue in a collaborative focus on ecosystem health. Preserving
and sustaining the area’s natural capital could not only benefit the forests and wildlife, but also
contribute to the continued gains of future generations.
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